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ABSTRACT
The Use of Stellar Occultations to Study the Figures and
Atmospheres of Small Bodies in the Outer Solar System
By
Michael James Person
The methods of analyzing stellar occultations by small bodies in the outer solar system
are discussed with examples from Triton, Pluto, and Charon. Simulations were
performed characterizing the analysis of multi-chord occultations including: the effects of
the direction of residual minimization in figure fits, the complications in measuring the
reliability of fitted figure parameters when there are few degrees of freedom, and the
proper treatment of grazing chords in model fitting.
The 2005 July 11 C313.2 stellar occultation by Charon was analyzed. Occultation
timings from the three published data sets were combined to accurately determine the
mean radius of Charon: 606.0 ± 1.5 km. The analysis indicates that a slight oblateness in
the body (0.006 ± 0.003) best matches the data, with a confidence level of 86%.
Charon's mean radius corresponds to a bulk density of 1.63 ± 0.07 g/cm 3, which is
significantly less than Pluto's (1.92 ± 0.12 g/cm3), consistent with an impact formation
scenario in which at least one of the impactors was differentiated.
The 2002 August 21 P131.1 and the 1988 June 9 P8 stellar occultations by Pluto were
analyzed. The ellipticity of Pluto's atmosphere as measured by the P131.1 event is 0.066
± 0.040, with a Gaussian confidence level of 63%, and the ellipticity as measured by the
P8 occultations is 0.091 ± 0.041, with a Gaussian confidence level of 70%. If this non-
sphericity is confirmed, its size and variation could possibly be attributed to super-
rotating winds driven by sources such as surface frost migration due to changing
insolation patterns or albedo properties, gravity waves, and an asymmetric mass
distribution in Pluto itself.
The 2001 August 23 Tr231 stellar occultation by Triton was analyzed. The half-light
radius of Triton's atmosphere was calculated from astrometrically calibrated model fits to
the occultation light curve. The resulting half-light radius of 1479.01 km is larger than
the value of 1456.3 km derived from the 1997 Trl80 occultation, with a confidence of
77% derived from the uncertainty in the astrometric calibration. If this increase were
confirmed, it would indicate that the expansion of Triton's atmosphere detected between
the 1989 Voyager 2 observations the 1995 and 1997 stellar occultations by Triton has
continued through 2001.
Thesis Supervisor: James L. Elliot
Title: Professor of Planetary Astronomy and Professor of Physics
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CHAPTER 1: INTRODUCTION
The method of observing stellar occultations, when an astronomical body passes in front
of a star casting a shadow in starlight on the Earth, provides higher spatial resolution than
any other Earth-based observing method. In addition, because the light being observed
passed through any atmosphere surrounding the occulting body, the method allows direct
probing of the atmospheric density structure, which is impossible with other remote
methods (Elliot 1979; Elliot & Olkin 1996).
When observing a stellar occultation, the minimum resolved bending angle of the light
coming from the body is limited not by Fraunhofer diffraction which depends on the
diameter of the mirror or lens of the telescope (Born & Wolf 1964), or the distance
between telescopes as in interferometry (Bradt 2004), but rather by Fresnel difrraction
based on the distance (D) to the observed body itself (and the wavelength in which the
observations are made). The resolution thus achieved is proportional to (Elliot &
Olkin 1996), which for a body in the outer solar system (e.g. 30 AU) observed with
visible light (~550 nm) results in a surprising spatial resolution of 1.5 km. In fact, this
Fresnel limit is often smaller that the limits imposed by the minimum integration/readout
time of the instrument being used (which is multiplied by the occultation shadow
velocity), or the integration of the signal caused by the star having a diameter comparable
to the Fresnel limit as seen from the location of the occulting body. For occulting bodies
at a distance of several astronomical units, the angular resolution, - /D=V  ,
achieved during such a stellar occultation is a tenth of a milliarcsecond, rather than the
tenths of arcseconds achievable from even the best ground-based observing sites.
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In the near solar system, the limits of ground-based observing can be overcome by direct
observation in situ, such as the case with the many Mars orbiters and landers, or by using
the increased resolution available to space-based platforms such as the Hubble Space
Telescope (HST). For small objects in the outer solar system, such as Pluto, its moon
Charon, and Neptune's moon Triton, sending probes is far too expensive for frequent
examinations. Even the HST has a resolution insufficient to cover an entire planet at this
distance with more than a handful of pixels. Although when the geometric circumstances
are right, the HST can itself be used to observe stellar occultations such as with the 1997
occultation of the star Trl 80 by Triton (Elliot et al. 1998; Elliot et al. 2000b).
These objects, Neptune's moon Triton, Pluto, and its moon Charon, have come under
increased scrutiny in recent years as it has become clear that they are likely merely the
best known members of the much larger parent group of Kuiper Belt Objects (KBOs), a
population of bodies in orbits beyond that of Neptune thought to number in the tens of
thousands (Jewitt 1998; Kern 2006). Since the first (other than the three mentioned
above) Kuiper Belt Object was successfully imaged in 1992 (Jewitt & Luu 1993) over a
thousand have been identified (Elliot et al. 2005). As these objects are thought to be in a
pristine (un-evolved or weathered) state given their remote distance from the sun, study
of these objects can give insights into the conditions present at the formation of our solar
system (Edgeworth 1949; Kuiper 1951).
Several large KBOs comparable in size to Triton, Pluto, and Charon have been
discovered in the outer solar system in the last few years (Brown et al. 2005a, 2005b).
Unfortunately, the extreme distance of these bodies (52 AU, 52 AU, and 97 AU for the
Page 11 of 136
largest three) makes them faint and therefore difficult to observe, while the recent
discovery means their orbits are not yet sufficiently determined to enable the prediction
of occultations, (although orbit refinement with that as a goal is currently underway).
Thus the study of Triton, Pluto, and Charon is profitable to further characterize what we
might expect find in the outer solar system and constrain population models.
Triton was directly imaged during Voyager 2's flight through the Neptune system
(Gurrola et al. 1992; Rages & Pollack 1992), and thus of the three has the most known
about it. From Voyager, Triton's shape and radius have been firmly established (Thomas
2000), its lower atmosphere is known to have hazy clouds and plumes of debris erupting
from the surface (Hansen et al. 1990; Soderblom et al. 1990), and an occultation of the
spacecraft's radio signal as it passed behind the body has even provided temperature and
pressure profiles of the atmosphere (Tyler et al. 1989), leading to extensive atmospheric
modeling (Strobel & Summers 1995; Yelle et al. 1995).
However, this wealth of knowledge covers only the single epoch when the Voyager probe
passed through the system, and only those locations visible to Voyager's instruments
during the fly-by. While we can assume that Triton's gross physical parameters are not
going to change, the atmospheric state is not subject to such restriction. Various models
were created to examine the surface N2 frost migration due to the changing sub-solar
latitudes on Triton as a result of its orbit (Hansen & Paige 1992; Spencer & Moore 1992).
Based on these predictions Elliot et al. (1998; 2000a) used stellar occultations to
determine that Triton's atmosphere was expanding during the years between the 1989
Voyager measurements and the 1995 and 1997 occultation events. By including a large
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response delay caused by the thermal inertia of the sub-surface some of these models are
able to reproduce the expansion result (such as Model L of Spencer and Moore (1992),
but then predict a reversal with the atmosphere once more condensing after 2001.
Monitoring Triton's atmospheric pressure/temperature would assist us in confirming or
invalidating these models. This would shed light on not only Triton's atmosphere and its
interaction with surface ices, but also the behavior of other small outer solar system
bodies with known atmospheres such as Pluto, allowing us to refine our expectations as
to the existence of atmospheres around other large KBOs as they journey through their
orbits (Elliot & Kern 2003). Absent another Voyager-type fly-by, the only way to do this
currently is to observe stellar occultations.
Even less is known about the Pluto-Charon system as our knowledge of these bodies did
not benefit from a Voyager fly-by. Basic facts such as the radii of Pluto and Charon were
in doubt by as much as 20% from early speckle interferometry measurements (Arnold et
al. 1979; Bonneau & Foy 1980). Later inclusion of direct imaging measurements from
the HST (Albrecht et al. 1994), and modeling of the light curves from the mutual
occultations between Pluto and Charon during the late 1980's (Tholen & Buie 1990;
Young & Binzel 1994) produced inconsistent results that give a Pluto surface radius
ranging from 1150 km to 1200 km and a Charon surface radius ranging from 600 km to
650 km from the best measurements. See Tholen and Buie (1997) for a full discussion of
the Pluto/Charon radius history.
Pluto's atmosphere, discovered and observed in 1988 by the P8 stellar occultation (Elliot
et al. 1988; Hubbard et al. 1988; Elliot et al. 1989; Millis et al. 1993) immediately
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ignited a flurry of speculation, as "kinks" in the light curve alluded to the possibility of a
haze layer, or perhaps a strong thermal gradient in Pluto's lower atmosphere (Elliot &
Bosh 1989; Elliot & Young 1992; Stansberry et al. 1994; Strobel et al. 1996). Models
using either explanation were able to match the data, leaving the situation unresolved. [A
complete discussion of this controversy is given in Yelle and Elliot (1997).] No further
data constraining this result were obtained until the 2001 P126A and P131.1 occultations
by Pluto in which the character of the light curve had changed significantly, indicating a
growth (increased pressure) of the atmosphere (Buie et al. 2002; Elliot et al. 2003a;
Sicardy et al. 2003) and the possibility that any existing haze layer had changed in
altitude and depth (Thomas-Osip et al. 2002).
For Charon, one early fortuitous stellar occultation observation observed by Walker
(1980) provided a lower limit on the radius of 601.5 km. Walker's light curve also
indicated the possibility of an extremely tenuous atmosphere (Elliot & Young 1991).
These results were not improved upon until the occultation by Charon of C313.2 in 2005
(Gulbis et al. 2006; Sicardy et al. 2006), the results of which are discussed in Chapter 3.
The analysis of this first well-covered occultation of Charon cut the error bars on
Charon's radius by an order of magnitude due to the extremely high spatial resolution
afforded by the stellar occultation method. Here, the errors are reduced further by
combining the published data sets.
Of course, in exchange for the vast resolution offered by the method, there are
drawbacks. One is that stellar occultations for any particular object (other than the moon)
are rare. While every object in the solar system is occulting every visible star in the sky
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at all times from some vantage point, we can only observe those that are visible from the
vantage point of a telescope on Earth. The ability to move the telescopes around
improves the chances of viewing an occultation markedly. This can be accomplished
through the use of small man-portable telescopes (Baron et al. 1983), or airborne
observatories such as the Kuiper Airborne Observatory (KAO), from which several
notable stellar occultations were observed from 1976 (Elliot et al. 1976; Elliot et al.
1977; Dunham & Elliot 1983; Elliot et al. 1995) until its decommissioning in 1995.
Replacing the KAO is the newly built (but not yet commissioned) Stratospheric
Observatory for Infrared Astronomy (SOFIA) (Becklin 1997). Yet even with mobile
observing platforms, we are still for the most part constrained to the area of the Earth's
surface, as seen from the occulting body. For bodies such as Triton and Pluto, and
Charon, far out in the solar system and therefore small (from our perspective) and slow
moving, generated candidate lists give an occultation of a star bright enough to be readily
measured and visible from some telescope on Earth only a few times each decade [e.g.
Dunham et al. (1991) and many others]. This number changes by particular body and
particular time. For example, Pluto is now passing in front of the galactic plane, resulting
in many more possible stellar occultations each year than in the previous decades. Most
of these stars are extremely faint and would yield light curves of insufficient signal-to-
noise (SNR) to be useful, but improvements in ground-based telescope and camera
technology enable us to observe occultations that would have been passed over a decade
ago (Elliot & Kern 2003).
But the most serious drawback to the method of observing stellar occultations is that
while they provide fantastic resolution, they provide it in only one dimension. Each
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occultation light curve (the measurement of the amount of light from the star as it
disappears at the start of occultation and returns at the end) gives only a single one-
dimensional snapshot of the body under observation.
The easiest way to get around this limitation is simply to observe each occultation from
multiple sites simultaneously. This probes the occulting body at different locations
across its apparent disk. This technique has been known and used for decades, most
prevalently by the asteroid community, both professional and amateur (Millis & Dunham
1989). Because asteroids are so numerous, it is quite common for some asteroid's stellar
shadow to cross the Earth, resulting in a couple of dozen visible asteroid occultations of
good quality each year (Millis & Dunham 1989). These events are often observed by
dozens of amateur astronomers coordinated by organizations such as the International
Occultation Timing Association (IOTA) (Dunham & Timerson 2000).
One such event is displayed in Figure 1. The 1983 stellar occultation by the asteroid 2
Pallas was observed by almost 100 separate stations (Millis & Dunham 1989). While
each chord resulted in a single one-dimensional slice across the body, the union of all of
these signals, when properly lined up according to their timings and observation
locations, immediately resulted in detailed information about the shape of the body as
seen in Figure 1.
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But for small bodies in the outer solar system, bright star occultations are less common
and therefore more difficult to observe en masse. Still, a half dozen occultations by
Triton, three occultations by Pluto, and two occultations by Charon have been observed
over the last two decades (Elliot & Kern 2003).
This work concentrates on the most recent occultations by Pluto, Charon, and Triton.
Addressed are the methods that are used to reduce occultation data and derive shape
information. Special attention is given to the cases (all too common) in which only a
small number of chords (or in the case of the 2001 occultation by Triton, only one chord)
are obtained rather than a complete framework such as the one displayed in Figure 1.
In the case of Charon, a body with no appreciable atmosphere (Gulbis et al. 2006), the
multi-chord analysis results in the shape of the body, including the possible discovery of
Figure 1 - Chord figure from the 2 Pallas stellar occultation of 29 May 1983: Each line represents a
slice across 2 Pallas from a single one-dimensional light curve. Note how the compilation of almost 100
data sources resulted in a full two-dimensional figure of the asteroid's shape even before it could be
adequately resolved by ground-based instruments. The upper right portion of the figure is missing as no
data were available for that area. Figure adapted from Figure 1 of Millis and Dunham (1989).
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a crater on its surface. In the case of Pluto, the shape of its atmosphere (Elliot et al. 1989;
Millis et al. 1993) is deduced from the multi-chord data. Knowing the shape of the
atmosphere allows us to make educated deductions about the wind and pressure states of
the atmosphere even though it cannot be otherwise directly observed (see Chapter 5).
For Triton, a single occultation chord is placed in context using hundreds of astrometric
frames taken immediately before and after the event (Chapter 6), enabling the one-
dimensional slice to be inverted into a detailed temperature profile for Triton's middle
atmosphere (Elliot et al. 2003b). The derived half-light raidus of the atmosphere
confirms (to within discussed confidence levels) in Chapter 7 that Triton's atmosphere is
continuing to undergo an extended period of expansion (Elliot et al. 1998).
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CHAPTER 2: MULTI-CHORD OCCULTATION FIGURE
ANALYSIS
ISSUES
As discussed in the introductory chapter, multi-chord analysis can be a powerful tool for
determining the shape of an occulting body. The resolution of the shape solution depends
upon the number and density of the measured occultation chords. When small numbers
of chords have been obtained, it is a relatively straightforward matter to fit global
geometric cross-section models (such as circles and ellipses) in order to estimate the full
solution with less sampling than was displayed for the asteroid example in Chapter 1.
This is especially reasonable for bodies larger than asteroids, where the large mass of the
body can be expected to have, over time, compacted the body into a mostly spherical
shape (with small deviations due to rotation, tidal effects, or recent impact events). In
these cases, simple circular models should provide a good estimate of the actual limb
shape allowing calculation of planetary size, density, etc. Elliptical models are used to
correct for first order deviations in the simple circular cross-section, measuring lower
limits on overall planetary oblateness, such as might be caused by rotation or tidal
distortion.
In 1981, French and Taylor used this type of multi-chord analysis and model fitting to
determine a value of 0.0096 +± 0.0023 for the oblateness of the Martian atmosphere from
the occultation of a Geminorum (French & Taylor 1981). This value was larger than the
oblateness of 0.0055-0.0075 determined from modeling the occultation's central flash,
which is sensitive to lower levels in the atmosphere. This difference was consistent with
their atmospheric models and allowed the calculation of horizontal temperature gradients
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in the atmosphere through comparison of the scale heights necessary to sustain such an
oblateness.
In their analysis French and Taylor noted that there was an uncertainty of 0.002 in the
resulting fitted ellipticity (projected oblateness). This resulted from the fact that their
least-squares model fit minimized residuals between the data and the model in the radial
direction (towards the center of the figure) while the random timing errors causing
deviation from a perfect fit to the model were all in the occultation path direction (French
& Taylor 1981). For a central chord (one in which the center of the planet passes directly
in front of the star) these directions are the same. As the impact parameter (also termed
pfin, the closest approach distance of the planet's center to the star as seen from an
observing station) of a chord increases, these directions become further and further apart
until at the edge of the planet, a grazing chord has no random error in the direction of the
residuals being minimized.
Later analyses by Elliot and Person corrected for this effect in an attempt to set lower
limits on the oblateness of Triton's atmosphere (Elliot et al. 2000a; Person 2001), but
these analyses resulted in an unexplained deficiency in the reduced chi-square values of
the resulting fits. At the time, this deficiency was not of great concern, since even
exceedingly low residual values are possible due to chance. Residual levels such as those
determined from the Tr176 analysis would be expected to occur on average
approximately one time in five. Unfortunately, later occultation analyses, including the
2001 Pluto P131.1 and the 2005 Charon C313.3 occultations analyzed in detail in
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Chapters 3 and 4, also resulted in unexpectedly low residuals in the least squares fits,
casting suspicion on the ellipticity results determined from the atmospheric cross section.
Finally, when establishing the relevance and significance of elliptical fits as opposed to
circular fits, the best expected indicator of the significance of the elliptical fits is a
comparison of the chi-square values between fits with circular and elliptical models.
With the chi-square values themselves in doubt, as they were frequently lower than
expected, the significance of the resulting fitted ellipticities cannot be relied upon.
The issues of significance in least-squares model fitting are generally straightforward in
normal cases where models are fit to large numbers of data points (compared to the
number of model parameters) and when random errors of known size are being compared
directly to residuals between the data and the model. Statistical tables of the reduced chi-
square values can be simply applied to calculate the reliability of any particular fit, and
compare between fits. However in the stellar occultations mentioned above, there were
in general few data points - just a couple more than the number of model parameters -
and the random errors, when known, were measured in directions not parallel to the
simple model residuals.
In order to provide a framework for analyzing and understanding these occultation results
in a consistent and reliable way, and to directly characterize the limits of reliability when
making comparisons between circular and elliptical fits, a systematic study was
conducted to control for the effects of residual direction differences on chi-square values
and their implications for interpreting the significance of elliptical results.
Page 21 of 136
SIMULATIONS
A simple model of an occultation event was constructed to provide the basis for judging
the effects of random timing/path errors on least-squares results. An occultation data set
was emulated with chord lengths in various positions and Gaussian timing noise added to
the end points (immersion and emersion) of the occultation chords. For this first set of
trials, the planet shadow radius was set to be 1000 km, a value intermediate between the
larger Triton and Pluto shadows and the smaller occultation shadow of Charon. The
random Gaussian noise added to the endpoints of each chord corresponded to root mean
square (rms) timing errors of 10 km. (Timing errors are converted to kilometers in this
analysis method due to multiplication with the moving body's shadow velocity.) A
typical shadow velocity of approximately 20 km/s would indicate that these errors
correspond to a 0.5 s error in occultation event timing, typical of some occultation data
sets [e.g. the 1997 Tr176 Triton occultation (Elliot et al. 2000a).]
Without loss of generality, the chord orientation can be rotated to be parallel with the x-
axis before analysis, making it easier to add the noise solely in the chord direction. The
first set of tests used several central chords, such as might be recorded if an occultation
shadow were to pass directly over a large observatory with several telescopes. Central
chords were chosen in order to eliminate the residual direction problems and thus
eliminate the need for any correction effects in the initial trials.
A data set was generated by taking three central chords, each with the coordinates listed
in Table 1, and adding to each end point's x-value a random error generated from a
Gaussian distribution with a mean of 0 km and a standard deviation of 10 km.
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Table 1: Simulated Chord Coordinates
Chord Type Endpoints (before noise)
Central (-1000, 0); (1000, 0)
High (-800,600); (800,600)
Low (-800,-600) ;(800, -600)
Grazing (0, 1000)
This data set was then fit with a simple circular model. The model residuals were
calculated by subtracting the distance between the model center point and each data point
from the radius of the model circle. The model parameters (three parameters for a
circular model: center point xo and yo, and radius of the circle ro) were then adjusted to
minimize the sum of these residuals (squared). For the first test case, involving only
central chords, the y-coordinate of the center point was held fixed at 0 km.
This analysis was repeated 1000 times and the resulting residuals and best fitting model
parameters were collected. For each run, a chi-square value (x2 ) was calculated from the
sum of the squared residuals, divided by their assumed random errors as in Equation 1:
2 .~( (•x - xo) 2 + (y, - yo) 2  2
Xcircular, radial residual = l2
n=1 n
Eqn. 1
where the sum is evaluated over all N data points. (xo,yo) are the coordinates of the model
center, (x,Yn) are the coordinates of the individual chord end points, 02n is the known
variance of the noise added to the end points as Gaussian timing noise, and ro is the
radius of the fitted circle. This was then converted to a reduced chi-square value by
dividing it by the number of degrees of freedom in the model fit. There were three
degrees of freedom in the three-chord circular fits, as there were six endpoints and three
fitted parameters.
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The results of the run seem to corroborate the accuracy of the method. The reduced chi-
square value for the combined 1000 model trials was 0.97 ± 0.03, with a 67% confidence
interval for a single fit ranging between 0.13 and 2.14. This interval implies that while
the reduced chi-square value is indeed expected to be 1.00 - as should result from
standard least-squares analysis when applying an accurate model to random data - any
individual value, can be expected to significantly differ from 1.00 with a fairly large
frequency. This result is a consequence of the low number of degrees of freedom within
the fits, and must be taken into account when judging the relative merits between any
individual fits.
The entire process was then repeated, but using one high, one low, and one central chord,
rather than three central chords. This model is more typical of an actual occultation
event. In this case, the analysis above resulted in a mean reduced chi-square value of
0.62 ± 0.02, with a 67% confidence interval for a single fit of 0.14-1.40. With an average
reduced chi-square value this low for the circular case, inadequate models (such as a
model with significant non-zero ellipticity applied to circular data) can appear to be valid
as their (presumably) increased chi-square values could still be in the range of more
acceptable models.
In an attempt to correct this, the residuals were adjusted at each iteration of the least-
squares minimization process. Each residual was corrected by the cosine of the angle
between the radial direction and the path directions (On), to calculate the direction
between the model and the data point along the chord path direction, as in Equation 2.
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N (( 0)2 ( 2 _)2
X~circular, along chord path - I Co 2 o + 2
n-I O n n
Eqn. 2
The three-chord (high, low, and central) solution was rerun for 1000 trials with these
adjusted residuals. With the residual values corrected for path direction, the resulting
mean reduced chi-square value was 1.02 ± 0.03, with a 67% confidence interval of 0.14-
2.09. These values are consistent with the expected values from a properly conducted
least square minimization as seen in the three central chord case. Each individual test
still has a large chance of deviating significantly from the mean (only two thirds of the
trials land within the confidence interval given), but the value of the mean is consistent
with an appropriate model.
With this result to support the residual adjustment method, a series was then run using the
same set of simulated data but with both circular and elliptical models. The residuals for
the elliptical model were calculated by subtracting the distance between the model center
point and each data point from the distance (d,,) between the model center and the ellipse
in the direction of the data point (6d) as calculated from Equations 3 and 4:
Od= arctan(x - xo, y,, - y0 ) - (900 - PA),
Eqn. 3
d,= (ro cosl0 )2 + (r,(1-e)sinlOd 1)2
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Eqn. 4
in which e is the ellipticity of the model ellipse and PA is its position angle (in degrees)
measured from North through East. These residuals were then corrected by the cosine of
the impact angle as with the circular model (Eqn. 5).
2 N ( n(X, - X0)2 + (y, - y 0)2 - d.) 2
Xelliptical, along chord path Cos 2  2
n=1 OSOn n
Eqn. 5
In this case the results of the trials were more surprising. The elliptical and circular
solutions had almost identical mean reduced chi-square values: 0.97 for the circular and
0.99 for the elliptical. Taken on a case-by-case basis, the circular reduced chi-square
values were lower than the elliptical chi-square values for a single trial only 45% of the
time. 55% of the time, the elliptical model yielded (according to the reduced chi-square
values) a "better fit" than the circular model for this known circular data set.
In an attempt to judge the actual significance of the fitted ellipticities, each individual
value was divided by the formal error on the ellipticity as derived from the least squares
fit. This result could be considered the significance of the fitted ellipse, as an ellipticity
that was three times its fitted error should be expected to be more significant than one
equal to its fitted error. The results of all 1000 trials are plotted in a histogram in Figure
2.
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Figure 2 - Fitted Ellipticities Divided by Formal Errors: The histogram displays the fitted ellipticities
divided by the derived errors on the ellipticity for the 1000 trials. Note that several percent of the trials
have ellipticites greater than 20 times their error, which would indicate great confidence in the reality of the
model ellipticity if the data were not known to be circular.
The results indicate that the ellipticity would be greater than twice its error bar almost a
third of the time, and ellipticites of greater than 20 error bars, which could naively be
seen as conclusive, occur far in excess of any reasonable solutions based on purely
circular data. The ellipticites themselves fell within the ranges of those measured in the
Triton, Pluto and Charon occultations as seen in Figure 3.
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I
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Figure 3 - Histogram of Fitted Ellipticities: The histogram displays the fitted ellipticities for the 1000
trials (using known circular data). Note that the majority of the trials indicate ellipticites in the
approximately 1-3% range seen in various occultation measurements.
The skew of these values away from zero is partially a result of the geometry of the
model being fit. Since the ellipticity is required to be positive by our fitting method, any
deviation from a perfect fit results in a non-zero ellipticity that is reinforced by other
random errors rather than being balanced by non-zero deviations on the other side of the
correct solution.
These values of ellipticity and their associated derived errors could falsely imply to an
observer seeing only one fit that there is a definitive elliptical figure even when
examining purely circular data with random noise. In an attempt to prevent this sort of
misidentification, the formal errors on the ellipticities from the fits were increased by the
square root of the factor by which the reduced chi-square value of a particular fit differed
from 1.00, as would be expected for a correct fit. The square root of the difference factor
was used because the chi-square values are calculated from the squares of the residuals











Page 28 of 136
involved, the significance of the corrected ellipticities were more evenly distributed, and
lower, as might be expected for a circular model. The results are presented in Figure 4.
1 2 3 4 5
Ellipticity Divided by Error
Figure 4 - Corrected Significance of Fitted Ellipticities: The histogram displays the fitted ellipticities
divided by the derived errors on the ellipticity for the each of the 1000 trials as in Figure 2. In this figure
the corrections based upon the reduced chi-square value of each individual result were applied. Note that
the great majority of all cases are now in the expected regime where the fitted error is greater than or equal
to the ellipticity, and ellipticity to error ratios greater than 20 no longer appear.
Not only are these ratios values lower, with the mean value being slightly less than 1
(where the ellipticity is equal to its error), but their distribution is much more in line with
what one should expect from a system controlled by Gaussian noise. Extremely large
ellipticity to error ratios are completely absent, and ellipticities greater than 3 times their
derived errors occur only one or two times per thousand trials. This correspondence with
expected Gaussian behavior lends credence to the adjusted residual method, and gives a
far more reliable estimate of actual ellipticities and errors as calculated from data with the
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This methodology of examining the adjusted significance of the fitted ellipticity is
superior to simply comparing the probabilities of the reduced chi-square values of the
elliptical and circular fits in order to determine which model is more appropriate. In the
final set of simulated runs, the reduced chi-square value of the elliptical fit was greater
than that of the circular fit only 45% of the time. Better than half of the time, the reduced
chi-square values alone would therefore erroneously identify the elliptical model as being
more likely correct when fit to circular data. Examining the corrected ellipticity errors
and significances from the fits would lead one to conclude that there was an ellipticity
significant to better than twice its error less than 7% of the time.
GRAZING CHORDS
One major difficulty with the method of adjusting the residual of the fits by the cosine of
the difference between the chord direction and radial direction is that it fails in the case of
a grazing chord. While the chord itself does indeed have a random timing error
(measured either in time or distance) along the direction of its track, this residual has no
effect on the fitted figure solution for grazing chords as small changes in the model
parameters move the figure perpendicular to the random track errors. In fact, if the chord
falls outside of the model during the fitting, it is not possible to calculate a formal
residual (difference between the model and the data) along the track length as the chord
track doesn't intersect the model anywhere. In this case, the estimation method used
earlier fails, as the cosine of the chord-radius angle, On, approaches zero and thus cannot
be used as an adjustment factor.
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To compensate for this situation and retain the ability to adjust the residuals of the model
in order to correct the reduced chi-square values, the model needs to be modified to treat
a grazing chord not as an individual data point, but as a constraint on the model figure.
This can be accomplished by reducing the number of model parameters by one
(eliminating the semi-major axis), and instead calculating the semi-major axis at each
iteration from the remaining model parameters and the grazing occultation path in
question. One assumes that the elliptical figure must intersect the chord line at only one
place, calculates the interception location, and uses this to derive a new semi-major axis.
This calculation can also be emulated by retaining the regular model and weighting the
grazing data point much more heavily than all other data points. The weighting need
only be sufficient to reduce the residual of the grazing point to near zero for the chosen
precision. This estimation procedure is actually similar to what is occurring when
attempting to divide by the cosine of the impact angle when the model does intersect the
grazing point. However, it requires a separate calculation of the chi-square values after
fitting, ignoring the grazing point and its fit residual so its undue artificial weight does
not affect the calculation.
RESULTS
These simulations have shown that standard multi-chord analysis of occultation data can
in fact be used to successfully identify the two-dimensional figure of an atmosphere or
body, but significant care must be taken to ensure that the results are correctly
interpreted.
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In order to accurately represent the actual state of the planetary or atmospheric oblateness
to the greatest likelihood, the method used must satisfy the following criteria:
1) The residuals to be minimized (data - model) must be measured in the same direction
as the random timing errors (along the chord length).
2) The resulting formal errors must be increased by the square root of the factor by which
the reduced chi-square value of the fit is different from 1.0, and these adjusted errors
should be used to determine the significance of any fitted parameters such as ellipticity.
3) Grazing chords should be treated as constraints of the model rather than additional
least-squares data points for residual minimization.
Given these conditions, the analysis of a multi-chord occultation solution should yield the
most reliable results allowed by the signal to noise levels of the data acquired.
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CHAPTER 3: CHARON'S SHAPE AND DENSITY FROM THE
C313.2 OCCULTATION'
INTRODUCTION
Recent discoveries of large, presumably pristine objects in the Kuiper Belt, such as
2003UB 313, 2005FY9, and 2003EL6, (Brown et al. 2005a), provide sources of valuable
data for modeling our solar system's formation and evolution. Unfortunately, the great
distances to these objects (currently at 97 AU, 52 AU, and 52 AU, respectively) require
large amounts of time on the largest telescopes for data collection. Measurements of
their actual sizes are difficult, and estimates of their masses and densities (and therefore
rock/ice mass ratios), key information for solar-system evolution models, are possible
only for the binary (or larger) systems.
As our understanding of the outer solar system has expanded, it has become clear that
planet Pluto and its moon Charon, as well as Neptune's captured satellite Triton, are
likely members of the same overall parent population as these more distant Kuiper Belt
objects. Thus, the study of Pluto, Charon, and Triton can provide valuable insights into
the greater population. Given the much smaller distance at the current location of its
orbit (~31 AU in 2005) study of the Pluto-Charon system can provide greater detail than
observations of its more distant brethren currently allow.
' This chapter is a direct reproduction of the manuscript entitled "Charon's Radius and
Density from the Combined Data Sets of the 2005 July 11 Occultation" that was
submitted to the Astronomical Journal for publication in February of 2006 and is
currently under editorial review. As first author on the paper, M. J. Person was primarily
responsible for its text and analysis but would like to acknowledge the contributions of
the other coauthors: J. L. Elliot, A. A. S. Gulbis, J. M. Pasachoff, B. A. Babcock, S. P.
Souza, and J. Gangestead, who provided both analytical insight and editorial assistance.
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One fundamental uncertainty regarding the Pluto-Charon system in recent years has been
the size of Charon itself, which contributes (cubed) to the corresponding uncertainty in its
density. A lower limit on Charon's radius of 600 km was derived from the single chord
observed during the 1980 stellar occultation (Walker 1980), which was later revised to
601.5 km (Elliot & Young 1991). A mean radius for Charon was then derived from the
Pluto-Charon mutual occultation events in the 1980s with a value ranging from 591 ± 5
km to 628 ± 21 km, depending upon limb-darkening assumptions and data selections
(Tholen & Buie 1990; Reinsch et al. 1994; Young & Binzel 1994). An opportunity to
improve on these values occurred in 2005 when Charon occulted a 14 th magnitude star
designated C313.2 (UCAC2 26257135, McDonald & Elliot 2000a).
The C313.2 event was observed from telescopes throughout South America by three
different research groups: Southwest Research Institute (SwRI) - Wellesley College, a
group led by the Paris Observatory, and our Massachusetts Institute of Technology (MIT)
- Williams College team. In Young et al. (2005), the SwRI-Wellesley team presented
their initial results. As they had essentially one chord, only a lower limit on the radius
could be presented. This lower limit of 589.5 ± 2 km was consistent with earlier results
but did not improve upon previous work. In the 2006 January 5 issue of Nature, the other
two groups presented their results of the observations. The MIT-Williams consortium, as
reported by Gulbis et al. (2006), analyzed four chords obtained at three different
locations, yielding a radius of 606 ± 8 km (with the relatively large error bar accounting
for possible elliptical solutions). The group led by the Paris Observatory, as reported by
Sicardy et al. (2006), analyzed three of their occultation chords based on a circular model
for the limb to deduce a radius of 603.6 ± 1.4 km.
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As the Gulbis et al. (2006) data set included one occultation chord that was in itself larger
than the Sicardy et al. (2006) combined solution (605.12 ± 0.05 km versus 603.6 -.t 1.4
km, respectively), there is an inconsistency between the two results. The difference in
mean radii is not surprising, given the low number of degrees of freedom in any separate
three- or four-chord fit. Particularly in cases where none of the chords is particularly
central (such as solutions without the Las Campanas chords), no strong constraint on the
shadow diameter is provided. It is therefore profitable to combine all three data sets into
one analysis, the results of which are presented here. Independent analyses performed at
both MIT and Williams College are consistent with these results (Gangestad 2006;
Person 2006).
DATA
Of the parameters reported in the literature, three are required for each chord used in the
analysis: (a) the immersion/emersion light times, (b) the formal errors on these light
times, and (c) the geodetic position (longitude and latitude) of the telescope from which
the measurements were made. The published values for these quantities for the C313.2
Charon occultation from all reported efforts are presented in Table 2.
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TABLE 2 Summary of 2005 July 11 Published Charon Occultation Chords
Closest
Telescope Location Approach to Occultation Times (UT)
Diameter (E Longitude, Shadow
Chord (m) S Latitude) Center (km) Immersion Emersion
San Pedro de 0.5 -680 100 48.2", 598 3:36:20.98 ± 0.18 3:36:28.30 ± 0.30
Atacamaa 220 57' 08.4"
Cerro 0.84 -70o 11' 46", 453 3:36:16.99 ± 0.04 3:36:54.28 ± 0.03
Armazonesb 240 35 '52"
Paranala 8.2 -700 24' 07.9', 453 3:36:18.09 ± 0.04 3:36:55.40 ± 0.05
240 37' 31.0"
Las Campanas 2.5 -700 42' 13", 9 3:36:13.792 ± 0.005 3:37:10.609 ± 0.004
- du Pontb 290 00' 26"
Las Campanas 6.5 -700 42' 33", 10 3:36:13.774 ± 0.001 3:37:10.563 ± 0.002
- Clayb 290 00' 51"
Cerro Pach6n- 8.0 -700 43' 24", 139 3:36:15.50 ± 0.15 3:37:10.55 ± 0.15
Gemini Southb 300 13' 42"
Cerro Pach6n - 4.2 -700 44' 1.4", 139 3:36:16.19 ± 0.01 3:37:11.26 ± 0.01
SOARC 300 14' 16.8"
El Leoncitoa 2.15 -690 17' 44.9", 323 3:36:15.03 ± 0.16 3:37:02.98 ± 0.08
310 47' 55.6"
a Sicardy et al. (2006).
b Gulbis et al. (2006).
SYoung et al. (2005).
The accuracy of the immersion/emersion times is affected by two factors, the photometric
calibration of the occultation light curve from full stellar signal to zero stellar signal and
the choice of light level at which the occultation was measured. Gulbis et al. (2006)
reported "geometric-limb times" (measured at the 25% light level for a monochromatic
Fresnel-diffraction pattern) which corresponds to the location of a straight edge occulting
a point source for a monochromatic Fresnel-diffraction model, averaged over the
integration time of the data. This averaging effect proved to be much larger than the
averaging resulting from the finite stellar diameter and finite wavelength passband of the
detected light. Sicardy et al. (2006) reported occultation times using a fit for a straight
edge convolved with diffraction, including the averaging from the finite diameter of the
occultation star. Given the small size of the occultation star in the occultation plane, 0.63
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km [an apparent diameter of 28 microacrsec (corresponding to 0.02 s of shadow
movement) was measured by Gerard van Belle of the Palomar Test Bed Interferometer at
our request], the Gulbis et al. (2006) and the Sicardy et al. (2006) definitions should be
consistent. Young et al. (2005) reported simply "immersion and emersion times," which
can be assumed by common usage to be somewhere between geometric-limb times and
half-light times. This difference should be less than 0.05 seconds (one quarter of the data
cycle time recorded at SOAR), which, when multiplied by the typical topocentric shadow
velocities of 21.3 km/s, could result in ambiguities of approximately 1 km.
The formal errors on the occultation times reported by the several groups were low
(Table 2), ranging from 0.001 s for immersion in the Las Campanas light curve at the
Clay telescope (Gulbis et al. 2006) to 0.30 s reported for emersion of the San Pedro de
Atacama light curve (Sicardy et al. 2006), with differences resulting from different noise
levels in the data. Hence these timing errors should be suitable for weighting the data.
Factors such as seeing conditions and photon noise lead to random errors in the timings,
which propagate via the fitting procedures into formal errors on Charon's radius.
However, errors in the absolute timing calibrations introduce systematic errors into the
results. The PHOT camera used by Young et al. (2005, personal communication), and
the POETS cameras used by our MIT-Williams team (Gulbis et al. 2006; Souza et al.
2006) are both directly triggered by GPS timing signals. GPS timing signals, once
properly locked by the ground receivers, can be as accurate as 10 ns - far improved over
the several millisecond accuracy required for this analysis (Souza et al. 2006). The
Gemini South chord reported by Gulbis et al. (2006) derives its time from Network Time
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Protocols (NTP), which should be accurate to milliseconds, although high or variable
network latency can degrade this accuracy (Deeths & Brunette 2001). Sicardy et al.
(2006) did not report on the accuracy of their timing sources beyond the calculated
formal errors. Errors in absolute timing calibration enter directly (multiplied by 21.3
km/s for this event) as systematic errors in the immersion and emersion locations along
the station chords.
The geodetic locations from Gulbis et al. (2006) were obtained by GPS surveys for all
stations excluding Gemini South, the location of which was taken from the Astronomical
Almanac (2003). Observing station locations from Sicardy et al. (2006) are used as
reported. Since the location of the SOAR telescope was not reported in Young et al.
(2005), it was taken from the Astronomical Almanac (2003). Errors in the geodetic
locations of the stations translate directly into errors on the occultation shadow plane, but
modern surveying techniques make errors larger than a kilometer quite unlikely.
FITTING PROCEDURE
The station geodetic coordinates and event times were used to plot the station locations in
the (f,g) occultation shadow plane according to the methodology of Elliot et al. (1992;
1996). This plane is centered on the coordinates of the occultation star [J2000.0 RA: 17h
28m 5570174, Dec: -15' 00' 54.750" (Zacharias et al. 2004)], with the f-axis pointing
east and the g-axis pointing north. The ephemeris position of Charon [JPL Ephemeris
DE413/PLU013 (Chamberlin)] at the time of the occultation is also converted into (fg)
coordinates and then subtracted from corresponding station coordinates. This conversion
provides occultation immersion and emersion locations, for each station, in a Charon-
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centered coordinate system. For the combined C313.2 data set, these occultation
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FIGURE 5. - Charon Figure Solution: Occultation immersion and emersion points are plotted in the (fg)
plane for all stations listed in Table 2. Designations (a,b,c) refer to data from Sicardy et al. (2006), Gulbis
et al. (2006), and Young et al. (2006).. The best-fitting circular solution (Fit 2 from Table 3) is plotted as a
solid circle, while the best-fitting elliptical solution (Fit 5 from Table 3) is dashed. Points from co-located
stations (e.g. du Pont and Clay) appear on top of each other at this scale. The reported formal error bars are
smaller than the plotted points. (See Figure 6 for Gemini South error bars.) Note the clear deviations of
the SOAR and Gemini points from the best-fit solutions.
~ _ _ _ _ _
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Once in this system, a model can be fit to the data points (which should all lie along the
limb of Charon) using standard least-squares methods (Bevington & Robinson 1992).
The squared residuals between the points and a Charon limb model must be minimized in
the direction of the occultation chords, as it is this direction that the formal timing errors
describe (Elliot et al. 2000a). Errors in the perpendicular direction can be caused by
errors in the geodetic positions of the stations and should be treated separately.
Photometric mis-calibrations of the reported light curves can result in errors along the
chord direction.
Both circular and elliptical models were fit to the (fg)-plane immersion and emersion
data points, using as weights the inverse of the product of the shadow velocity and the
formal timing errors, squared, to determine the radius and limb shape of Charon. These
models assume overall limb roughness is less than the random timing errors in the data.
The results of these fits are listed in Table 3.
Page 40 of 136
TABLE 3 Charon Figure Fit Results
Position Reduced
Mean Radius Observed Angle fo Chi
Fit Data Selection (km)a Oblateness (deg) (km)b g0 (km)b Square
1-Circular All Data 606.03 ± 0.20 - - 685.81 -783.74 72.4
± 0.44 ± 3.75
2-Circularc Gemini and 606.01 ± 0.02 - - 686.18 -787.62 1.27
SOAR _ 0.06 _ 0.55
omitted
3-Circular Gemini 606.06 ± 0.18 - - 685.66 -782.33 67.7
omitted ± 0.40 ± 3.38
4-Elliptical All data 599.13 ± 5.48 0.027 ± 95.5 ± 7.8 684.87 -776.62 33.5
0.010 ± 0.47 ± 3.65
5-Ellipticalc Gemini and 604.52 ± 1.83 0.006 _ 71.4 ± 10.4 685.98 -785.54 0.89
SOAR 0.003 _ 0.17 ± 1.60
omitted
6-Elliptical Gemini 598.84 ± 4.52 0.029 ± 97.9 ± 5.7 684.79 -776.47 31.5
omitted 0.008 ± 0.36 ± 2.77
a For ellintical fits this is the geometric mean of the semi-major and -minor axes.
b These positions are
coordinate system a
a measure of the offset between the observed center of the (f,g)
nd the expected location of Charon at the time of the occultation.
Thus, they provide a measure of the astrometric uncertainties in the difference between
the occulted star's position and Charon's ephemeris. Thefo and go values given in Fit
1 result in astrometric offsets of 0.03145 ± 0.00002 arcsec in RA and -0.03594 _
0.00017 arcsec in Dec (Charon's offset - star's offset). However, it is not possible to
disentangle the individual contributions to these errors from the UCAC catalog and
Charon's ephemeris without making further assumptions.
SRows in boldface represent our adopted, best-fit circular and elliptical solutions.
FIT RESULTS
Using all the data, the first fit (Fit 1 in Table 3) of a circular figure gives a radius of
606.03 ± 0.20 km. However, this fit has an unacceptably high reduced chi-square value.
Examination of the residuals to this fit shows that the greatest contribution to the chi-
square value is from the residuals of the SOAR and Gemini stations.
As seen in Table 2, three sets of stations yielded essentially coincident occultation
chords: Cerro Armazones and Paranal, Las Campanas Clay and du Pont, and SOAR and
Gemini. While the first two pairs of stations have consistent timing (for example, the
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independently measured immersion times at the Las Campanas stations differ by 0.018 ±
0.005 s with an expected difference of 0.018 s), the SOAR and Gemini chords are offset
in time by approximately 0.7 sec. This timing difference results in a required combined
residual of at least 15 km, regardless of the model used. Given the formal errors in the
SOAR and Gemini chords, residuals of approximately 3 km should be expected.
Attempts to minimize the combined residual places the model between the data points,
increasing the residuals at the data points from the other stations and resulting in the poor
quality of the fit.
Since there is no clear resolution to the timing discrepancy between the two stations, the
Gemini South and SOAR chords are dropped entirely in Fit 2. An immediate
improvement is seen in the reduced chi square (1.27), indicating that the other stations
(when Gemini South and SOAR are excluded) have residuals consistent with their formal
timing errors. Fit 2 is displayed as a solid circle overlying the data points in Figure 5. For
this fit, the SOAR data points have residuals of -7.1 km and 0.1 km, while the Gemini
South points have residuals of 5.9 km and -13.8 km. To illustrate these residuals better,
an expanded view of Fit 2 and the Gemini South and SOAR data points is presented in
Figure 6. Note that the sums of their residuals, -7.0 km and -7.9 km, respectively, are
consistent to within 0.9 km. This consistency is expected, given that the two chords have
nearly identical durations even though they are shifted with respect to each other in time.
The consistency of the chord length measured at these two stations mutually corroborates
the length of the chord at Cerro Pach6n.
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FIGURE 6 - Expanded View of Gemini South and SOAR Residuals: An expanded view of Charon's
limb solution from Figure 5 is plotted along with points from four of the stations. The best-fitting circular
solution (Fit 2 from Table 3) is plotted with solid lines, while the best-fitting elliptical solution (Fit 5 from
Table 3) is dashed. Both the Las Campanas stations (Clay and du Pont) and the Cerro Pach6n stations
(Gemini South and SOAR) are plotted according to their reported occultation times. Error bars are shown
for Gemini South, but all other stations reported error bars are smaller than the size of the points shown.
Note that on the emersion limb (right side), the SOAR point falls almost directly on the model curves,
while on the immersion limb it is 7 km away. If the Gemini chord were shifted (by a systematic timing
error, for example), its points would lie almost directly on the SOAR points at this scale. The shaded area
on the left panel is suggestive of the size of a local figure anomaly (such as a large impact crater) that
would be needed to account for the residuals for these two chords.
One interpretation of this distortion is as a systematic error in the timing of one of the two
stations. In this case, it would seem likely that the SOAR data are more accurate than the
Gemini, since the SOAR residuals are lower with respect to Fit 2. Fit 3 explores this by
including all stations except Gemini South. Even in this case the SOAR residuals of -5.8
km and 1.2 km are still much larger that the ~0.2 km residuals expected from the reported
0.01 s formal errors on these points. This problem can be seen in the fitted model being
distorted away from the other stations, resulting once more in an unacceptably high
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suffered from independent systematic timing errors, or (b) Charon's limb profile does not
follow a simple circular model at that location.
To measure an overall deviation from a circular limb profile, the data are next fit with an
elliptical model. The elliptical model fit, with all data included, is Fit 4 in Table 3.
Again, the reduced chi-square value is unacceptably high, although significantly lower
than some values obtained with the circular model. The oblateness of 0.027 is
significant, although it is only slightly greater than twice its fitted error bar. The ellipse's
pole position angle of 95.5' ± 7.8' does not correspond with the position angle of
Charon's rotation axis (approximately 67).
For the same reasoning as the circular fits, the data are next fit with an elliptical model
excluding the Gemini and SOAR chords. This result is given in Fit 5, which is displayed
as a dashed curve in Figures 5 and 6. The oblateness of this fit is relatively small, at
0.006, but again is twice its formal error bar. In this case, the position angle of the ellipse
does correspond to Charon's rotation axis, though with an error bar of over twice the
measured difference between the rotation axis and that of the ellipse. This fit results in an
acceptable reduced chi-square value of 0.89, again indicating that the remaining stations
have residuals consistent with their formal errors. Given the decrease in degrees of
freedom from Fit 2 (11 in Fit 2; 7 in Fit 5), the reduced chi square of Fit 5 (1.27 in Fit 2;
0.89 in Fit 5) indicates that the elliptical solution could be a better fit than the circular
model. That assessment is likely, but not certain, since the probability of a circular data
set with Gaussian errors being seemingly more accurately described by an elliptical
model is 14% for these degrees of freedom.
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Given the reduced chi-square values of the fits, we find that Fits 2 and 5, in which the
Gemini South and SOAR chords were excluded from the fitted solutions, are the best
representations of Charon's global figure. These two solutions are in boldface in Table 3.
Assuming a simple circular shape for Charon's limb profile, we find that Charon's mean
radius is 606.01 ± 0.02 km (Fit 2). However, there are indications from both the results
of Fit 5 and the irregularities of the Gemini and SOAR chords that the simple circular
model is insufficient. Therefore, in the manner of Gulbis et al. (2006), we increase the
error bar to include the mean radius of the best-fitting elliptical solution (geometric mean
of the semimajor and semiminor axes). This results in an overall mean radius for Charon
of 606.0 ± 1.5 km. We believe this result to be a significant improvement over
previously reported measurements, as shown in Table 4.
By combining this radius result with the most recent measurement of Charon's mass,
1.520 ± 0.064 x 1021kg (Buie et al. 2006), we find a bulk density for Charon of 1.63 _
0.07 g/cm3. Assuming densities for ice of 1.0 g/cm 3 and rock of 3.0 g/cm 3, the rock mass
fraction of Charon is therefore estimated to be 0.58 ± 0.04.
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TABLE 4 Comparison of Charon Radii and Density Measurements
Mean Charon Charon Densitya
Source Method Radius (kin) (g/cm 3)
This Work occultationb 606.0 * 1.5 1.63 ± 0.07c
Gulbis et al. (2006) occultationb 606 ± 8 1.72 ± 0.15d
Sicardy et al. (2006) occultatione 603.6 ± 1.4 1.71 ± 0.08'
Young et al. (2005) occultation > 589.5 ± 2 -
Reinsch et al. (1994) mutual eventsh 591 ± 5 - -
and Young et al. (1994) 628 ± 21
Elliot and Young occultation > 601.5
(1991)
Baier and Weigelt speckle 525-760
(1987) interferometry
Walker (1980) occultation > 600 -
Bonneau and Foy speckle 1000 ± 100 -
(1980) interferometry
a As the first reliable Charon mass measurement was published by Null et al. (1993) we
do not list earlier density estimates.
b Both circular and elliptical solutions were considered in calculating the error bar.
SAssuming Charon's mass = 1.520 ± 0.064 x 1021kg (Buie et al. 2006).
d Assuming Charon's mass = 1.60 ± 0.12 x 1021kg (Olkin et al. 2003).
Circular solutions were considered in calculating the error bar.
f Assuming Charon's mass = 1.58 ± 0.07 x 1021kg [R.A. Jacobson, personal
communication to Sicardy et al. (2006)].
g Lower limit determined from a single occultation chord.
h Lower and upper limits from the various published mutual event analyses using various
assumptions about limb darkening. See Tholen and Buie (1997) for further details.
This density result is slightly smaller than both the value of 1.71 ± 0.08 derived by
Sicardy et al. (2006) and the value of 1.72 ± 0.15 derived by Gulbis et al. (2006). The
radius measurements in each of these works are similar enough that the density difference
results primarily from our using Buie et al.'s (2006) value of 1.52 ± 0.064 x 1021 kg for
Charon's mass. Notably, the C313.2 occultation has constrained Charon's radius to the
extent that the remaining error bars on its density are overwhelmingly the results of errors
in the mass. Table 4 provides a comparison of the various density measurements and the
masses used to calculate them.
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DISCUSSION
Excluding both the Gemini South points and the SOAR immersion point, the remaining
13 occultation time measurements all closely correspond to the adopted figures at levels
consistent with their formal errors. This agreement allows us to use the root mean square
(rms) residual of 1.12 km from Fit 2 as an approximate upper limit on the rms roughness
of Charon's limb. However, the near-identical durations of the Gemini and SOAR
chords indicate that there can be significant deviations from this rms roughness value.
If the discrepancies between the Gemini and SOAR chords and the fitted models based
on the other stations are interpreted not to be the result of timing anomalies, this could
indicate a surface irregularity at that location. Given the residual pattern, and that the
Gemini South chord used NTP rather than GPS timing, it is reasonable to accept the
SOAR chord as the one most likely to be properly registered in time. However, even
under the assumption that the Gemini chord is incorrectly timed, and the SOAR chord is
correct, an elliptical fit to the data excluding Gemini still yields an unacceptably high
reduced chi square (Fit 6). This indicates that the durations of SOAR and Gemini chords
jointly point to a deviation from the simple circular or elliptical fits in this area of the
limb. From their residuals with respect to both the circular and elliptical fits, we can
determine the size of a possible feature measured at the Gemini and SOAR immersion
location.
As previously stated, the SOAR chord resulted in residuals of -7.1 km and 0.1 km for the
best-fitting circular model (Fit 2). The close correspondence of the emersion point (0.1
km from the circular model) could indicate that the SOAR timing was indeed valid within
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its formal errors. The Gemini chord is consistent with this when shifted to align its
emersion point with the SOAR emersion point (see Figure 6). If true, this would indicate
a surface depression at the immersion point of ~ 7 km in depth. This size is near the high
end of likely surface features, but within reason for perhaps a large impact crater. Stern
(1992) reports that features larger than 10 km would relax over geologic time scales on
Pluto, resulting from the surface strength. Charon, being less massive, could therefore
preserve a feature as large as 7 km for significant time if it has similar surface strength
properties.
The calculated rock mass fraction of 0.58 ±+ 0.04, though lower than that reported by
Gulbis et al. (2006) and Sicardy et al. (2006), is still larger than the maximum predicted
by Charon formation models involving simple solar nebula condensation (McKinnon et
al. 1997). This rock mass fraction points to a collisional formation scenario for the Pluto-
Charon system, which would provide a means of losing ice mass through violent volatile
escape. The result that Charon's bulk density is less than that of Pluto (Table 5) is
consistent with this scenario when one or both of the parent collision objects were
differentiated (McKinnon et al. 1997). The most likely scenario in this case is that of a
low-velocity, oblique, two-body (both differentiated) collision resulting in Charon
coalescing from a debris disk rather than being a surviving impactor (Canup 2005).
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TABLE 5 Properties of Small Bodies in the Outer Solar System
Radius Mass Bulk Density
Object (km) (1024 g) (g/cm 3) Atmosphere
Triton 1353.4 ± 0.9a 21.398 ± 0.05 3b 2.0607 ± 0.0066 ~ 19 pbar N 2c
2003UB 313  1405 - 5625d 9
Pluto 1175 ± 25 e 13.050 ± 0.065' 1.92 ± 0.12 5-11 ybar N2 g
2005FY9  775- 1550h ?
2003EL 61  855- 1245' 4.21 ±0.10' 2.60 - 3.34'
Charon 606.0 ± 1.5i 1.520 ± 0.064' 1.63 ± 0.07 <0.11 bar N2 k
a Thomas (2000).
b Anderson et al. (1992).
SReported surface pressure was measured to increase between the 1995 and 1997
occultations (Elliot et al. 2000a; Elliot et al. 2000b).
d Radius range is based upon absolute magnitude (HR = -1.48) from Brown et al. (2005)
assuming an R albedo range of 0.04 - 0.64.
e This radius range is a consensus value from many different observations. See Tholen
and Buie (1997) for further details.
f Buie et al. (2006).
g The range in surface pressures is due to a choice of atmospheric models (Elliot et al.
2003b).
h Radius range is based upon absolute magnitude (Hv = -0.1) from Licandro et al. (2005)
assuming a V albedo of 0.2 - 0.8.
Rabinowitz et al. (2006). This object is thought to be an elongated ellipsoid so the listed
radius range represents half the total length.
This work.
k Upper limit for a nitrogen atmosphere, based on non-detection during C313.2 event.
The larger of the two derived upper limits is presented (Gulbis et al. 2006; Sicardy et
al. 2006).
The results from the C313.2 occultation reinforce the effectiveness of this method in
exploring small bodies in the outer solar system. For comparison, the radii, bulk density
and atmospheres for Triton, Pluto, Charon, and the three largest currently known Kuiper
Belt objects are listed in Table 5. This comparison suggests that the larger Kuiper Belt
objects could indeed have significant atmospheres (Elliot & Kern 2003) at appropriate
portions of their orbits, which could be detected with stellar occultation observations.
2003UB 313 for instance, is larger than Pluto, Charon, and possibly even Triton. If its
formation allowed it to retain sufficient volatiles [methane has been detected on both
2003UB 313 and 2005FY 9 (Brown et al. 2005b; Licandro et al. 2005) and water has been
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detected on 2003EL61 (Trujillo et al. 2006)1, it could likely support an atmosphere when
it approaches the solar distance of Pluto. Unfortunately, 2003UB313 was discovered near
the aphelion of its orbit at 97 AU from the sun and will not approach perihelion for some
centuries. However, its mere existence provides hope for future discovery of objects
nearer to perihelion that could support atmospheres that could be studied now.
CONCLUSIONS
We have measured a mean radius for Charon of 606.0 ± 1.5 km, which implies a bulk
density of 1.63 ± 0.07 g/cm3 Our analysis provides an upper limit on overall surface
roughness for Charon ~1.1 km, with an overall planetary oblateness of 0.006 ± 0.003
(86% confidence level). However, there are strong indications that significant local
deviations from these overall values exist.
Further refinement of these results can be obtained by future occultation observations at
different Charon aspects. Many simultaneous chords would be needed to improve on
these results and quantify local features on Charon's surface-barring the existence of
further striking, large-scale features that could be readily observed such as that indicated
by the discrepancy between the Gemini South and SOAR chords and the rest of the data
set. However, any large-scale features could themselves be mapped out by observing
multi-chord occultations at different Charon aspects. The 2005 occultation occurred with
a sub-Earth Charon longitude of 2770, and latitude -34 ° , while the 1980 Walker
occultation was measured at a sub-Earth Charon longitude of 730, and 150.
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Additionally, the results from this work could be used to fix Charon's radius in re-
analyses of the Pluto-Charon mutual events, which would further constrain the derived
value for the radius of Pluto's visible disk at the epoch of the mutual events.
With the 2006 January 19 launch of the New Horizons mission, we can expect more
definitive results about the character of Charon's topography during its flyby in 2015.
We would like to thank Gerard van Belle for his stellar diameter measurements of
C313.2. This work was supported in part by NASA grants NNGO4GE48G,
NNGO4GF25G, and NNHO4ZSS001N.
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CHAPTER 4: PLUTO'S ATMOSPHERIC SHAPE FROM THE P131.1
AND P8 OCCULTATIONS 2
INTRODUCTION
In July 2002, Pluto occulted a star (designated P126A) and then another in August 2002
(designated P131.1 McDonald & Elliot 2000a). These were the first stellar occultations
by Pluto successfully observed since its occultation of P8 in 1988 (Elliot et al. 1989;
Millis et al. 1993). While the P126A occultation resulted in only two observed light
curves (Buie et al. 2002; Sicardy et al. 2002), limiting what can be learned from the type
of multi-chord modeling analysis presented in Chapter 2, both the P8 and P131.1
occultations provided more complete snapshots of Pluto's shadow plane with several
occultation chords each. Previously reported results comparing the P8 and P131.1
measurements (Elliot et al. 2003a; Sicardy et al. 2003; Pasachoff et al. 2005) revealed a
global expansion of Pluto's N2 atmosphere, resulting from a doubling of the surface
pressure during the 14-year interval. This work examines the overall shape of the
atmosphere, utilizing data from both the P131.1 and P8 occultations, focusing specifically
on the atmosphere's deviation from spherical symmetry.
2 This chapter is significantly based upon the mansuscript "Pluto's Asymmetric
Atmosphere" submitted to Icarus, and currently under revision by the author following
editorial review. This text represents much of the revised portion of the paper, but the
final version for publication has not yet been resubmitted. As first author on the paper,
M. J. Person is primarily responsible for its text and analysis but would like to
acknowledge the contributions of the other coauthors: J. L. Elliot, K. A. Emanuel, B. A.
Babcock, A. S. Bosh, M. W. Buie, E. W. Dunham, D. T. Hall, S. E. Levine, J. M.
Passachoff, L. C. Roberts Jr., S. P. Souza, B. W. Taylor and D. J. Tholen, who provided
both analytical insight and editorial assistance.
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P131.1 DATA
The P131.1 data set analyzed here consists of five of the visible occultation light curves
obtained during the event and reported by Elliot et al. (2003a). The included curves were
those obtained from Lowell Observatory (Perkins 1.8 m), Lick Observatory (Shane 3.0
m), Haleakala (AEOS 3.6 m), Palomar Observatory (Hale 5.1 m), and Mauna Kea
Observatory (University of Hawaii 2.2 m). Due to the geometry of the occultation with
respect to the station locations, the Lowell Observatory curve indicated a graze through
upper portions of Pluto's atmosphere rather than penetration to the full occultation depth.
Thus, rather than a light curve in which the stellar signal was reduced by at least half, the
usual level for occultation timing analyses, the Lowell chord drops only to 94% of the
full stellar signal level at its closest approach. This requires that it be incorporated into
the model as a 94% constraint rather than a standard data point, as described in Chapter 2
for the use of grazing chords. Figure 7 shows the geometry of the P131.1 occultation
chords with respect to Pluto.
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Each curve was therefore calibrated to determine the times at which the stellar flux from
P131.1 dropped to 94% (to allow inclusion of the Lowell partial occultation) of its full
signal level during immersion and returned to 94% during the emersion. The resulting
94% light times are given in Table 6, with the Lowell time listed in both columns though
it represents the center of the event.
Figure 7 - P131.1 Occultation Schematic. Occultation chords are overlayed on a schematic of Pluto.
Pluto is plotted as it appeared during the P131.1 occultation with the North rotational pole (IAU
definition) behind the limb of the planet. During the event, the point at the center of Pluto's disk as seen
from Earth had a sub-Earth Latitude and East Longitude of-28.1o and 38.10, respectively. Straight lines
indicate the occultation chord paths for all observing stations in this effort. The dashed chord for Maui
indicates that only the emersion was observed. The star progressed (immersion to emersion) from left to
right. The dotted circle indicates a half-light radius of 1213 km, determined from the initial astrometric
analysis (Elliot et al. 2003a). Notice that the Lowell path does not intersect the half-light solution.
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Table 6: P131.1 Occultation 94% Light Times by Station (Seconds after 2002 8 21 Oh UT)
Station Immersion Time Emersion time Tangent time Signal to
Noisea
Lowell - - 24361.3 8.1 b 53
Lick 24160.5 4.9 24537.0 ± 4.9 - 16
Haleakala No data availablec 24812.8 ± 1.5 - 105
Mauna Kea 24441.6 ± 1.0 24826.1 ± 1.0 - 103
Palomar 24291.2 ± 21.8 24449.5 ± 21.8 - 57
aSignal to noise ratio for the unocculted star measured over an atmospheric scale height
(approximately 60 km).
bAs a tangent mid-time, this station was included in each fit only once.
'The Haleakala station began data recording during the event and obtained only the
emersion portion of the occultation.
Because the timing of the 94% light level is less precise than the usually quoted 50%
"half light" level, the error bars on the times are larger than might be expected. However,
this shortcoming is compensated for by the geometry of the points. A grazing point (such
as the Lowell station) greatly constrains the figure of the resulting atmospheric fit, since
the primary error in the point location is along the path of the occultation (represented by
the timing error), but the residual to the fit is perpendicular to this error and determined
primarily from the light level calibration, which is far more constrained. It is therefore
applied as a constraint upon the model figure (incorporated into the model rather than as
fitted data) and the other chords with significant timing errors are used in the least-
squares fit.
P131.1 ANALYSIS: ELLIPSE FITTING
Once calibrated, the light times were converted to f and g coordinates (approximately
East and North) in the occultation shadow plane according to the methodology of Elliot et
al. (1993). In contrast to the solid figure fits of Charon presented in Chapter 3, in which
the figure solution represented simple cross-sections of the visible solid disk, least-
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squares figure fits to these coordinates represent the two-dimensional projection of a
surface of constant flux (the 94% level) which correlates to a surface of constant pressure
for an isothermal atmosphere. Actually, a constant flux surface corresponds to a surface
of constant second derivative of refractivity, which corresponds to constant gas number
density in the case of a homogeneous atmosphere with constant scale height. Thus for
Pluto, on which the atmosphere is approximately isothermal in the regions representing
the 94% light-level (Elliot et al. 2003b), the multi-chord analysis reveals the shape of the
atmospheric isobars rather than the planetary surface.
This atmospheric projection was fit with the circular and elliptical models presented in
Chapter 2. Were the atmosphere spherically symmetric, this cross-section would be
better fit by the circular model than the elliptical one. Distortions from symmetry, such
as those caused by winds or significant pressure gradients, would result in non-circular
cross-sections that should show up as a significant ellipticity in the least squares fits.
Thus, in this analysis, deviations from spherical symmetry as revealed during the least
square fitting to the cross sectional figure corresponds to the deviation from atmospheric
sphericity.
Using the f and g coordinates calculated from the times in Table 6, several elliptical
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To ensure that the solutions were robust and did not depend on any single outlying
station, fits were performed excluding each station in turn and with a variety of weighting
schemes [equal, by squares of the formal signal to noise ratios of the light curves, and by
time error (squared) in the direction parallel to the track]. For all 2002 occultation fits,
the ellipticity was within the range of 5.1-8.1%, with a formal error no greater than 4.4%
for any individual fit. The formal errors on all fitted values were calculated according to
the standard least-squares formulation of Bevington and Robinson (1992) and then
adjusted by the reduced chi-square values as described in Chapter 2. As an example, the
fitted ellipticity and error for the adopted solution in Table 7 is 0.066 ± 0.012. This 0.012
error is then increased to 0.040 because the reduced chi-square value for that fit was 0.55.
The station that exerted the greatest leverage on the fits, (such that when it was removed,
the results changed the most) was Lick Observatory, one of the highest quality data sets
in terms of timing and equipment, and therefore not suspected of significant systematic
errors. The poor seeing conditions at the time of the event caused the Lick Observatory
chord to have a lower signal to noise ratio than the other stations (Table 6), which may
explain some of this chord's inordinate leverage. However, the ellipticity of the fitted
figure remains at a value greater than 5% even when this chord is excluded, supporting
the robustness of the overall results. Using all of the available P131.1 stations, and
weighting the data points by the square of their signal to noise ratios, the resulting
elliptical fit (given as "adopted solution" in Table 7) has an ellipticity of 0.066 ± 0.040.
The significance of this ellipticity is 1.7, and therefore this is not a definitive result, but
corresponds to a confidence level of 63%. Thus, random data with the same
characteristics as the P131.1 data would result in an ellipticity at least this large 37% of
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the time. The value of the ellipticity measured is on the large side (top 10%) of those
shown to be possible results for fitting to data which is actually circular with Gaussian
timing errors (see Figure 3 in Chapter 2). However, the significance of this result, while
greater than half of the cases simulated with circular data, is too low to consider the result
conclusive alone.
Similar multi-chord fits excluding the Lowell station entirely were also performed at the
50% and 76% light levels as a check on the stability of the solutions, and for comparison
to other work. These fits (also presented in Table 7) yielded elliptical solutions in the
same range, though with decreasing ellipticity as altitude decreased. This situation is
similar to that seen in Triton's atmosphere where measurements of elliptical cross section
at two different levels, using two different techniques (figure fitting and central flash
modeling), results in lower, though still significant, ellipticities at lower altitudes (Person
2001).
EXTENDED ANALYSIS OF THE 1988 P8 OCCULTATION
The P8 occultation of 1988 was the only previous occultation by Pluto in which multiple
chords were measured that would allow for this type of analysis, and thus offer a point of
comparison with the P131.1 results. Although Millis et al. (1993) reported figure fitting
similar in procedure to that used here (though using the 76% light level rather than 94%
due to the depth of their shallowest light curve, and not adjusting the residuals to account
for the occultation path directions), only circular fits were considered. To extend their
analysis, light times were taken directly from Table I of Millis et al. (1993), and used to
fit an elliptical model with the updated method. These data are displayed in Table 8.
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Table 8: P8 Occultation 76% Light Times by Station
Station Immersion Time Emersion time Signal to Noise b
Charters Towers 10 40 43.84 ± 0.88 10 42 10.41 ± 1.57 22.8
KAOc 10 36 35.55 ± 0.15 10 38 18.19 ± 0.15 74
Black Birch 10 38 29.21 ± 0.9 No data available 18.7
Hobart 10 40 31.49 + 1.4 10 41 29.76 + 2.5 14.5
Mt. John d  10 39 29.76 ± 2.5 10 39 29.76 ± 2.5 21.7
Toowoomba 10 39 44.57 ± 0.6 10 41 56.5 ± 0.5 6.1
aData for this table was taken from Table I of Millis et al. (1993)
bSignal to noise ratio for the unocculted star measured over an atmospheric scale height.
•The KAO chord is treated as two different stations in the fit, as the airplane moved
between the immersion and emersion times.
dThe Mt. John station is a central constraint, listed in both the immersion and emersion
columns.
The results, given in Table 9 (this work), show an ellipticity of 0.091 ± 0.041 for the
adopted solution (using all data from the Millis fits, with weighting according to their
timing errors, corrected for the residual directions as described in Chapter 2). For this
case the ellipticity of 0.091, while larger than the 2002 solution of 0.066, again has a
significance of 1.7 giving it a confidence level of 70%. The difference in this percentage
from the 63% for the 2002 fits with the same significance is due to the 1988 data having
one more degree of freedom. Other fits to the P8 data, with the technique of dropping out
individual stations and changing weighting to check for robustness of this result, obtained
ellipticities varying from 5-9%, with significances on these ellipticites ranging from 1.3-
1.9. The greater spread in these results as shown in Table 9 and the larger error bars are
characteristic of the lower signal to noise ratios of their reported light curves compared to
those reported for the 2002 occultation.
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When taken in combination, the 63% confidence of the P131.1 results and the 70%
confidence of the P8 results indicate that an elliptical solution is a better description of
the observed data (with only an 11% chance of the results both resulting from chance).
CONCLUSIONS FROM P131.1 AND P8 ANALYSES
The measured P131.1 ellipticity of 0.066 ± 0.040 and the reanalyzed 1988 value of 0.091
+ 0.041 both imply significant deviations from atmospheric symmetry. While their
individual results are only confident to 63% and 70%, taken together they give reasonable
confidence (89%) that there is some non-spherical distortion present in the Plutonian
atmosphere. Given the uncertain results, it is difficult to state whether the elliptical
solutions are consistent with each other. Their position angles with respect to the
Plutonian rotation pole angle (fitted pole position - north pole position is -6' ± 30 for P8,
and 70 ± 20 for P131.1) are close to each other, although outside their mutual error bars.
The fitted ellipticites are consistent to within their error bars, but each individual
measurement is of low confidence. Thus it is not possible to state whether these
ellipticites represent a permanent state of Pluto's atmosphere, or perhaps a changing state
possibly related to the increasing pressure. However, these results are sufficient to merit
at least exploring possible explanations and ramifications of non-sphericity in Pluto's
atmosphere, should it be confirmed.
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CHAPTER 5: IMPLICATIONS OF ATMOSPHERIC OBLATENESS
The measured P131.1 ellipticity of 0.066 ± 0.040 and the reanalyzed 1988 value of 0.091
+ 0.054 both imply significant deviations from atmospheric symmetry. Traditionally,
such deviations are interpreted in terms of the atmospheric winds needed to distort an
isobaric surface by the measured magnitude. Assuming that the mass of the planet is
symmetrically distributed (J2 = 0), the resulting wind speeds (v) needed are given by:
v2 2 2eag,
Eqn. 6
where e is the ellipticity (projected oblateness), a is the atmospheric radius, and g is the
gravity felt by the atmosphere. This simple condition applies to a non-rotating planetary
body, but Pluto's slow rotation rate makes it a reasonable approximation. The expression
is given as an inequality since the measured ellipticity from the projected figure fits is a
lower bound on the maximum global oblateness. For an ellipticity as high as 7%, this
analysis yields exceedingly large wind speeds, on the order of 300 m/s, although these
wind speeds can be significantly smaller and produce the same distortion if constrained to
super-rotating zonal bands rather than requiring the full atmosphere's rotation. This
distortion is comparable to occultation-based ellipticity measurements of Triton (Elliot et
al. 2000a) and Titan (Hubbard et al. 1993), where wind speeds a large fraction of, or even
greater than, the local sonic velocities were inferred. The Titan winds are closely aligned
with the planetary rotation axis and amenable to modeling (Sicardy et al. 1999), while the
Triton elliptical fits are not strongly correlated with the axial direction (Elliot et al.
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2000a; Person 2001), as we see here for Pluto. Regardless, the magnitude of the
oblateness indicated by the figure fits implies a major to minor axis difference in
pressures on the order of the pressures themselves. This indicates that the aspherical
distortion is unlikely to be a permanent or stable feature of the atmosphere (MUiller-
Wodarg 2002), possibly explaining its differing orientations when measured in different
epochs.
GEOSTROPHIC BALANCE AND SUPERROTATION
In pursuit of a fuller solution considering planetary rotation, one can begin by examining
the upper limits of the meridional temperature gradients permissible under geostrophic
balance.
Beginning with the angular momentum of the atmosphere due to the rotation of the
planet, one can adopt the angular momentum at the equator (Mq) as an upper limit,
Meq =a 2Q
Eqn. 7
where a is the radius of the atmosphere and 9 is the angular velocity of the planetary
rotation. This can then be set equal to the angular momentum at some latitude (0) other
than the equator (M0),
Me = acosO(ŽQacos9 + u),
Eqn. 8
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where u is the latitudinal wind speed. When equated at the upper limit, these yield an
expression,
aQ2 = acosO(Qacos + u),
Eqn. 9
which can be solved for u to give an equation for the latitudinal wind speed as a function





Next, taking the thermal wind equation (Lindzen 1990):
sin~o5 du g dT
dz T dy
Eqn. 11
which relates the vertical shear in horizontal winds ( d) to the north-south temperaturedz
dTgradients ( ) on the planet, we can substitute the previous wind quantity from Eqn. 10
dyas an approximation to one change in u using an atmospheric scale height (H) for the
as an approximation to one change in u using an atmospheric scale height (H) for the
approximate change in z:
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aQo -cos8
Qsin0 cos/ J g dT
H T dy
Eqn. 12





where p is the molecular mass of the atmospheric constituent species, g is the
gravitational acceleration in the atmosphere, k is the Boltzman constant, and mam, is the
mass of an atomic mass unit, we obtain an expression that can be solved for the north-
south temperature gradient,
( 1a cs 1 cosT





dT = (2aMm (tan0 - sin cos0)).
dy k
Eqn. 15
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Substituting values into this equation for various radii (1175 km - 1300 km) and latitudes
(300, 60) on Pluto, along with other parameters for an N2 atmosphere, results in values
for the maximum permissible temperature gradient of only 0.0007 K/km.
Surface maps of Pluto made using infrared imaging for the Infrared Space Observatory
(ISO) (Lellouch et al. 2000) indicate that Pluto's surface temperature supports gradients
as large as 0.02 K/km over much of its surface with much larger gradients in particular
areas.
Thus, taking the equatorial atmospheric angular momentum from planetary rotation as a
limit for equatorial wind speeds, the thermal wind equation indicates that for any
significant temperature gradient (> 0.0007 K/km) such as the 0.02 K/km measured in
2000, the maximum wind speed (from this angular momentum limit) would have to be
exceeded. This indicates that Pluto's atmosphere is not in dominated by geostrophic
forces, further supporting the possibility of super-rotating winds.
The existence of these winds could in turn imply the existence of significant atmospheric
perturbations due to gravity waves breaking in the upper atmosphere such as those modeled
for Jupiter (Young et al. 1997), or large atmospheric recycling via frost migration as
modeled for Triton (Moore & Spencer 1990; Spencer 1990).
OTHER POSSIBLE CONTRIBUTORS
Finally, Pluto's non-spherical atmospheric figure could also be caused in part from an
asymmetric mass distribution in Pluto, possibly the result of a past impact. This
asymmetry would be undetectable by current observing methods, as even a strict surface
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radius for Pluto has not yet been established. However, the further one is away from the
planet, the more spherical the gravitational potential surfaces become, so the observed
atmospheric non-sphericity would have to be supported by even more extreme planetary
asymmetry, which seems unlikely.
Because of Pluto's tidal interaction with Charon, one might expect any asymmetry of
Pluto and its atmosphere to correlate with the direction to Charon (which is perpendicular
to Pluto's rotational axis). At the time of the event, Charon, and hence Pluto's equator
due to the two bodies being tidally locked, had a position angle of 161 degrees. The
semi-minor axis of the fitted atmospheric cross section ellipse had a position angle of
25.3 + 1.9 degrees (as given in Table 7), with its semi-major axis therefore at 115.3
degrees.
Given the small formal errors on the fitted ellipses, the improvement of the fits when
switching from circular to elliptical models, and the robustness of the result under
differing data selection and weighting schemes, this value is not consistent with the
direction to Charon, or to Pluto's rotational axis. The position angle of the fitted ellipse
also fails to correspond to Pluto's North pole position axis of 720. This lack of
correlation to within the formal error bars was also present, though much less
pronounced, in the 1988 re-reduction, which yielded a position angle of -0.9 ± 2.5
degrees, versus a Charon position angle of -10 degrees. While not explained, these
results are comparable to those obtained for Triton for the 1995 and 1997 occultations
(Person 2001), which exhibited varying position angles that are not correlated with
Triton's rotation pole or the direction to Neptune.
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This indicates the possibility that similar physical processes excite the non-sphericity of
the atmospheres on Pluto and Triton. However, Triton has an assumed interaction with
Neptune's magnetosphere possibly providing significant non-uniform heating, which
may explain the instability in the atmospheric figure (Miller-Wodarg 2002). Pluto has
no such interaction and thus an alternate energy source driving the atmospheric variations
still needs to be established.
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CHAPTER 6: ASTROMETRY FOR SINGLE-CHORD
OCCULTATION ANALYSIS OF THE TR231 OCCULTATION
INTRODUCTION
On 25 August 2001, Triton occulted a star designated Tr231 (McDonald & Elliot 2000b).
This event was visible from South Africa as shown in Figure 8. Unlike the three
occultations discussed in previous chapters, observations of this event resulted in only a
single light curve. Observation attempts were made from the South African
Astronomical Observatory (SAAO) facilities at both Sutherland and Cape Town, but
unfortunately on the night of the event the Cape Town site was plagued by clouds at the
time of the occultation, resulting in no useful data (Person et al. 2001).
Given a single light curve, interpretation of the data becomes problematic. With one
chord, the application of shape models, such as those discussed in Chapter 2, is
impossible. Without the shape model fitting, there is no accurate astrometric placement
of the event, making light curve model fitting quite difficult since there is a strong
correlation in the models between the closest approach distance of the body to the star
and the radius of the body's refracting atmosphere (Elliot & Young 1992). Finally,
without the model fit to constrain the initial conditions, and without a reliable distance
versus time profile for the event, inversion of the light curve into pressure/temperature
shells in the atmosphere is also impossible (Elliot et al. 2003b). Realizing this result (a
single light curve) might occur because only two observing stations were available, the
observing plans for this occultation were formed to attempt to ameliorate this deficiency
through astrometry before and after the event.
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In 1996 Olkin et al. outlined a method (termed the ephemeris method by Olkin) for
determining the actual occultation closest approach distance by fitting for offsets to the
Triton ephemeris and star positions based upon the 80 pre-event astrometry frames used
to make the final occultation prediction (Olkin et al. 1996). This method was improved
upon here by taking astrometric data immediately before and after the event with the
same data system and telescope used to record the occultation itself.
OCCULTATION PREDICTION
As seen in Figure 8, the occultation was expected to be visible only from South Africa.
This prediction, made in the months before the event, was based on the JPL DE405
ephemeris and the newly released (at the time) UCAC1 catalog (Zacharias et al. 2000a;
Chamberlin 2005). The star was initially identified by McDonald et al. as an occultation
candidate based on astrometric strip scans made with the 24" telescope from Wallace
Astrophysical Observatory in Westford, Massachusetts (McDonald & Elliot 2000b). The
refined prediction shown was made by first obtaining Triton's ephemeris position from
the JPL ephemeris in Earth-centered rectilinear XYZ coordinates (Standish et al. 1995).
These coordinates were then rotated into the fgh system defined by Elliot et al. (1996),
with the h-axis pointed in the direction of the occultation star. This star position was
taken from the UCAC1 catalog and corrected for the measured proper motion listed in the
catalog.
In the fgh coordinate system, the f and g Triton coordinates represent the East and North
differences between Triton's position and the star position for a geocentric observer.
Thus the occultation impact parameter can be calculated from the minimum of Triton's
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distance function (~ f2 + g2), and the approach angle can be calculated from their
argument (arctan[g,f]) at the time of that minimum. These two values are then used to
generate the occultation maps such as the one shown in Figure 8.
Figure 8 - Tr231 Prediction Track: This predicted shadow path for the 200 I Triton occultation of Tr231
was based upon the DE405 ephemeris and the Tr231 star position as taken from the U CAe 1 astrometric
catalog with corrections for proper motion (Zacharias et al. 2000b; Chamberlin 2005). The separation
between the centerline and each outerline represents 1450 km, an approximate Triton radius. The shaded
region is in darkness at the time of the event. Between the shadow path and the solar illumination, the
event could onl be effectivel observed from Southern Africa and Madaoascar.
OBSERV ATION PLANS
Using this prediction, plans were made to observe the occultation from two sites run by
the South African Astronomical Observatory (with the collaboration of Ian Glass of the
SAAO). Two observing teams each took a Portable CCD (PCCD) camera originally
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constructed by a consortium of MIT, Lowell Observatory, NASA Ames, and the
University of Arizona (Buie et al. 1993; Dunham 1995), to one of two SAAO telescopes
sites and installed it on their respective telescopes for the observations. The PCCD
cameras used were the MIT camera and one of the Lowell Observatory cameras (supplied
by Ted Dunham). The PCCD systems were both equipped with identical GPS receivers
to establish the timing of the event. The cameras consisted of a 576 x 348 front-
illuminated CCD chip and a PC computer running the DOS operating system. The
control software allowed the detectors to be read out in full frame mode (for astrometry)
or in the high-speed frame transfer mode (for the occultation). In this mode, small sub-
frames were quickly shifted to the upper region of the chip for readout, while the lower
region of the chip was still exposing.
The computers (and the DOS operating system) caused numerous problems due to their
age. The MIT computer system was completely rebuilt before the event by the author
with the assistance of MIT undergraduate James Pate. Numerous faulty components
were replaced with used components from other systems, and the entire rebuilt system
was extensively tested in the month before the event. Similarly, the Lowell PCCD
computer had been completely replaced and mounted in a hardened travel case before the
event, but still suffered a power supply failure on site at Sutherland. The power supply
was swapped with one from another local PC the day before the event to enable the
observations.
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The Cape Town observation team consisted of the author and James Pate, while the
Sutherland observation team consisted of James Elliot (MIT), Ian Glass (SAAO), and
Katie Morzinski (Lowell Observatory).
At Cape Town, the PCCD was installed on the McClean 0.61 m refracting telescope,
located on the SAAO main campus. This telescope was needed because of its location
(about 150 km south of Sutherland), but is otherwise not generally used for observations
beyond public tours. It was therefore was not well equipped for use with a guest camera
such as the PCCD. A custom plate assembly was tooled to make an adapter that held the
PCCD detector at the focal plane of the resident camera which normally used 16 cm x 16
cm photographic plates. To compress the scale of the images onto the PCCD chip, the
PCCD 3:1 reducing optics were used. These optics consisted of a 50 mm camera lens, a
150 mm field lens, and the support structure to keep the lenses properly aligned with the
chip.
The camera at Cape Town was tested and focused on the nights before the event.
Focusing was difficult as the weight of the PCCD assembly overwhelmed the focus
mechanism designed to support photographic plates. The solution was to adjust the focus
with one of the observers manually supporting the weight of the camera. Once the
correct focus was obtained, the focus mechanism could be locked in place with extra
support for the weight of the camera provided by three c-clamps spaced around the
housing.
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Once set up, this system worked for both of the nights prior to the event. Both evenings
began with light fog which cleared up in the hours after sunset, with Triton visible before
the nominal occultation time of 21:47 UT. Unfortunately, the night of the event followed
the reverse pattern with light fog building throughout the early evening, and increasing
cloud cover until the sky was overcast at the time of the event. The observers managed to
focus on Triton early in the evening, but it faded away about an hour before the
occultation, never to return.
At Sutherland the Lowell PCCD was installed on the 1.9 m Radcliffe reflecting telescope.
A custom mounting plate was tooled to mount the camera to the telescope. Identical 3:1
reducing optics were used to compress the image down to the final plate scale of
approximately 0.39 arcsec / pixel. Test and practice observations were taken prior to the
event (while the computer permitted), using the general outline of taking numerous
astrometric images in full frame mode before and after the event, with high-speed frame
transfer images used to record the event itself. Specific frame parameters are described
under the Astrometry section of this chapter, and the Light Curve Generation section of
Chapter 7, as well as the data log in Appendix A.
The night of the event, the replaced camera power supply worked perfectly. The weather
at Sutherland, which threatened clouds in the days before the event, cleared completely
for the evening of 25 August 2001. Observers were able to watch Triton approach the
candidate star and see their two images merge during the astrometric image series. The
occultation image cube was exposed for the sixteen minutes surrounding the expected
occultation mid-time. The event itself was expected to last just under a minute. After the
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occultation cube was completed and the event data file was transferred to backup storage
for security, astrometric series resumed for the next three and a half hours while the
Triton and Tr231 images separated and drew apart. During this period, the occultation
image cube was examined to get a rough idea of occultation signal depth. The
examination revealed that the occultation had indeed been observed and the full data set
was passed back to the author for analysis.
ASTROMETRY ANALYSIS
Before the event, approximately 400 2-second exposures were taken with the SAAO 1.9-
m telescope in Sutherland. The event itself was then recorded and after the occultation
data was finished, another approximately 500 astrometric frames were taken. Figure 9
shows a sample astrometric frame taken after the event when the two bodies (Triton and
Tr231) were again well separated. A complete listing of all frames acquired at the
Sutherland telescope on the night of the event is given in Appendix A.
Star positions on the frame were measured by fitting circularly symmetric Lorentzian
point spread functions (PSF) to the individual star signals (Bosh et al. 1992). The
function used to fit value of the PSF (Sn) at a row and column position (r ,c,) was:
F+ (2 S n =
1 (r- + (2C  -ro)c o)2 w) p
Eqn. 16
where F is the peak stellar signal at the center of the PSF, (r ,cn) represents the row and
column position of the center of the stellar source, w gives the full width at half
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maximum of the stellar signal, and p serving as a scaling exponent to determine how
quickly the Lorenzian wings of the function decay.
To account for the fact that this function gives the value for the stellar signal at the
central coordinates of the pixel rather than a measure of the value sampled all over the
pixel, an integral of the function over a pixel was approximated using four point Gaussian
quadrature (Burden & Faires 1997). Least-squares fitting to the Lorentzian PSF resulted
in the coordinates (r.,c,) of the center of each astrometric star on the chip.
The fitted stellar pixel coordinates (rQ,c,) were then used to calibrate the frame
employing a six-parameter linear astrometric solution to the catalog positions of the
reference stars (Smart 1977). These calibrated astrometric solutions yielded several
interesting lessons.
First, the solutions showed a clear distinction between the two astrometric catalogs used.
While the USNO-B catalog contained 24 stars that could be identified on the frame, the
UCAC2 catalog is sparser and only contained six identifiable stars on each frame.
However, even with the larger number of stars, the USNO-B catalog astrometric
performance was clearly inferior to that of the UCAC2 catalog. Table 10 gives an
overview of astrometric fit quality by tabulating the RMS residual from the fitted
calibration star positions to their catalog positions for a selection of frames.
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Table 10: RMS Residuals from Fitted Astrometric Solutions (arcsec)
Frame Number UCAC2 Solution (6 stars) USNO-B Solution (24 stars)
Mean RMS for all 279 0.054 0.357
frames included in









Notice that even with four times as many stars in the solution, the mean RMS residual for
a solution based on the USNO-B catalog was on average seven times worse than the
astrometric results using the UCAC2 catalog. All further astrometric solutions and
discussions are based upon the UCAC2 catalog stars only.
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Figure 9 - Sample Tr231 Astrometry Frame (post-event): This frame was taken approximately three
hours after the occultation event. The scale of the image is approximately 0.39 arcsec per pixel, with the
axes labeled in pixel coordinates. The small boxes indicate the initial fit to the locations of the USNO-B
catalogued sources (excluding Neptune, Triton, and Tr23 I) before calibration. The six hrightest stellar
sources also appeared in the UCAC2 astrometric catalog and were used for the final astromctric analysis.
Page 79 of 136
Second, carrying a test frame through to the final results (as described below) showed
significant differences in the astrometric solution depending upon precisely which
astrometric network was used. As frames were astrometrically calibrated as described
above, they fell into three groups: those that found and centered all six UCAC2 stars,
those that found only 5 (because one star had drifted too close to the right-hand edge of
the images before the telescope pointing was reset at the end of a sequence), and those
that found a different set of 5 (because one star was too close to the top of the frame due
to telescope drift). Solving for the positions of Triton and Tr231 on the same frame
under these three different astrometric solutions resulted in differences in their measured
positions of as much as 0.07 arcsec. This highlighted the importance of not only using
the same catalog, but also ensuring that every frame was reduced with precisely the same
set of stars. This error would presumably be less if many more stars were in the field, but
given our field of view, only 6 UCAC2 stars were ever available at a time. Given the
accuracies sought (a few milliarcseconds error overall would be acceptable), it was
decided to drop all frames that could not support the full six-star astrometric solution,
yielding a consistent set of frames passed on to the next part of the analysis.
Once the acceptable frames were calibrated astrometrically, the sources of interest, Tr231
and Triton, were fit with the Lorentzian point spread functions with several additions to
account for the numerous other light sources in the field. As seen in Figure 9, the wings
of Neptune itself, the diffraction spikes from the brighter sources, and significant column
bleeding from the oversaturated pixels appear in the images. To get the best quality fits
possible to the centers of Triton and Tr231, the diffraction spikes, Neptune's wings, and
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the bright star between Neptune and Tr231 were modeled and fit simultaneously with
both target sources. Neptune was modeled as a brighter Lorentzian point spread function,
although as an extended source it is probably better treated as the convolution of the PSF
function with a disc. The full source function was deemed unnecessary especially since
the extended wings were the only real concern, and many of central pixels in Neptune
were saturated and thus dropped from the fits.
Any pixels with values of 65,535 (the maximum value of the recorded two byte numbers)
were considered saturated at the start. Examination of the sample frame in Figure 9
shows that sometime after the 65,535 saturation level, the electron well itself filled, and
charge/signal leaked down the columns. As it was difficult to determine if a pixel below
the saturation value of 65,535 was affected by leaked light on the frames with less leak
than the extreme case displayed, all pixels in a column with a saturated pixel were
suspect. Therefore, all saturated pixels and the entire bleed columns they were in were
eliminated from the fitted solutions.
Finally, the diffraction spikes on the brighter sources were modeled as simple crosses
with a width, center brightness, rotation angle, and an exponential decay along their
length that were overlaid on the brighter sources (Neptune and the nearby astrometric
calibration star). The equation for the intensity of the diffraction spike signal (Sd) as a
function of distance from the center of the star was:
Sd = Soe (r-r o )2 +(cn-Co) 2
/
Eqn. 17
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where I was the exponential decay length, and So was the strength of the spike at the
center of the source. Like the Lorenzian PSF, this function was integrated over each
pixel using Gaussian quadrature.
These spikes are caused by the diffraction interference of the "spider" support structure
that holds the secondary mirror suspended above the primary. Investigation of the
literature later revealed that diffraction spikes are better modeled as sine cardinal (sinc)
functions especially as the size (width) of the spider supports increases (Harvey & Ftaclas
1995). In extreme cases, the spider diffraction patterns will reveal gaps and interruptions
due to mutual interference between the alternate sides of the un-obscured aperture.
However, in this case, the diffraction spikes seemed smooth. The least-squares fit to the
full signal and exponential decay scale along their length allowed the synthetic function
used to model the spikes as observed adequately over the small areas in which they were
relevant. A sample of a modeled star with added exponential diffraction spikes appears
in Figure 10.
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Fitting all of these things simultaneously resulted in row-column pixel positions for
Tr231 and Triton which, using the UCAC2 astrometric solutions found above, were
converted into RA and Dec positions in the J2000 equinox (with the epoch of the mid-
time of each image). As in the previous stage, numerous fits failed during this stage of
the analysis for various reasons: 1) Tr231 and Triton were too blended to properly
separate in the fit (the frame was taken too close to the occultation event), 2) seeing
momentarily degraded to the point where Tr231 was lost in the Neptune wings, 3) the
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Figure 10: Synthetic Star Model with Diffraction Spikes: A circularly symmetric Lorentzian star model
is displayed with diffraction spikes overlaid. This model was used to fit Neptune and the brighter star to




- -I- -I - - - I- - I. . . . . . . . . -I
Page 83 of 136
reasons. Of the approximately 900 frames originally taken, 279 were successfully fit
through this stage.
ANALYSIS OF ASTROMETRIC RESULTS
The first check on the results of this astrometric procedure is accomplished by plotting
the calculated position of Tr231 found in each frame. Figure 11 shows the resulting plot.
The plot shows a fairly tight central cloud of points, but there is a clear linear dispersion
of the points from the lower left to the upper right. This sort of linear astrometric
behavior can often be described by changes in the differential refraction between
differently colored stars as the field passes through various airmasses. However, that
seems to not be the case in this instance. Specifically, the points in the dispersion are not
timed such that the offset drifts from one corner to the other as the exposures continue.
Rather, the central cloud of points includes data from both the beginning and ending
portions of the sequence, indicating that the controlling factor is not the airmass, but how
closely the individual frame was taken to the occultation event. Noticing this, one can
compare the direction of the linear dispersion to the direction of motion of Triton and
discover that they are the same. The most likely conclusion from this is that the
astrometric fits to Tr231 and Triton's position are slightly contaminated by each other's
light when they are too close together even though they are being fit simultaneously in an
attempt to account for that problem.
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Figure 11 - Tr231 measured positions: Plotted are the offsets of Tr231 from its original reference
position (McDonald & Elliot 2000b) in arcsec in both RA and Dec. Note the linear dispersion of the points
from the upper right through the lower left caused by light contamination from Triton.
The solution adopted was to drop the third of the final astrometric frames that were taken
closest to the occultation mid-time. This eliminated most of the points in the wings of
Figure 11, leaving the central cloud to be used to calculate an average astrometric
position for Tr231. This final position is plotted in Figure 12 along with the positions of
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Figure 12 - Triton's Path from the Astrometry: The central dot indicates the final measured position of
Tr231 as described in the text. The rest of the points are instantaneous positions of Triton measured from
each accepted frame. The points near the occultation star itself were discarded for their low quality leaving
only those seen here. Triton is traveling from the upper right to the lower left throughout the event. Note
that the best fitting line to the Triton points intersects the Tr231 star position, as expected. There error bars
of each point are smaller than the size of the points.
In Figure 12, Triton's path is clearly seen to intersect the fixed location of the star. The
individual points were then fit to linear functions in both RA and Dec, and this linear
interpolation was used to "postdict" the occultation. Tables 11 and 12 give a comparison
of the results from this analysis to the original occultation predictions.
Table 11: Mid-time for Tr231 Occultation by Triton from Various Sources
Source Event Mid-time UT Difference (sec)
Pre-Event Predictiona 2001 8 25 21 47 09.00 ± 19.90 -5.64
Post-Event Astrometric Solution 2001 8 25 21 47 02.70 ± 2.64 0.66
Model Fit to Light Curveb 2001 8 25 21 47 03.36 ± 0.02 ---
aThis prediction was generated from the JPL DE405 ephemeris for Triton and the
position for Tr231 from the UCAC 1 star catalog (corrected for proper motion).
bSee Chapter 7.
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Table 11 gives a good check on the accuracy of the solution. It shows the results of
calculating the time of the closest approach of Triton to the Tr231 star position. The first
line gives the pre-event prediction upon which the decision to observe the event was
made before any refining astrometry was performed. Additional star positions
measurements were obtained from the late Ron Stone of the US Naval Observatory
before the event, but these positions were not included in the pre-event prediction
analysis as there were too few of them to improve the star's position error over the
UCACI catalog.
The second line of Table 11 shows the result from this analysis. The final line gives the
fitted mid-time from a model fit to the full light curve (described in the next chapter).
This mid-time is a point of symmetry of the light curve model and is insensitive to
variations in the other light curve model parameters (Elliot & Young 1992). It can thus
be accepted as a reasonably accurate measure of when the event actually occurred
according to the observations. See Chapter 7 for details on the model fitting.
Encouragingly, all three measurements of the event mid-time are consistent to within
their respective error bars. The error on the result from this analysis is over six times
more accurate than the initial event prediction.
Table 12: Closest Approach Distance at Sutherland of the Tr231 Event
Source Impact Parameter at Error (km)
Sutherland
Pre-Event Prediction (UCAC + JPL Ephemeris) 1082.21 ~440
Post-Event Astrometric Solution 1133.22 66.10
Table 12 gives the final result of the analysis, that being the closest approach distance of
Triton to the star as seen from the Sutherland site. The error bars on the pre-event
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prediction are mostly due to the quoted inaccuracies of the UCAC catalog (Zacharias et
al. 2000b). The error from this analysis is calculated from the least squares linear fit to
Triton's position at the calculated event mid-time combined with the error in the Tr231
position. This final error bar of 66.1 km corresponds to a final astrometric error of 0.003
arcsec overall from the 167 frames that were used in the final analysis.
This final value for the impact parameter of the event as seen from the Sutherland station
can now be fixed in light curve model fits and used as a baseline for inversions of the
Triton atmosphere.
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CHAPTER 7: TRITON'S ATMOSPHERE FROM TR231 LIGHT
CURVE ANALYSIS
INTRODUCTION
With the occultation impact parameter from Chapter 6, and the resulting knowledge of
the occultation geometry, the occultation light curve itself can now be analyzed with
model fitting and inversion to shed light on Triton's atmosphere.
Refractive models of an occulting body's atmosphere have been used for years to
reproduce occultation light curves in an attempt to measure atmospheric parameters from
the light curve data. Early models (Baum & Code 1953) attempted to reproduce the light
curve of a large planet (such as Jupiter) assuming an isothermal atmosphere in
hydrostatic equilibrium made up of a single refractory gas or homogeneous mixture of
gasses. These models generated the light curve accounting for the bending angle of the
light refracted by the atmosphere by reducing the flux seen by the observer by the ratio of
the differential distance at the atmosphere to the spread differential distance at the
observer. Thus, as the refractive focusing of the atmosphere spreads the light out in
space, less of it is available to be seen by the observer at any particular location during
the occultation.
These early models were later examined to discuss the effects of thermal gradients in the
atmosphere (Goldsmith 1963) thought at the time to be indistinguishable from isothermal
atmospheres for the large planet light curves then under consideration and to measure the
effects of photon noise on the idealized light curves (French et al. 1978).
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For small planet atmospheres, such as Triton, further complications arise. First, the light
being refracted by both limbs can be observed throughout the occultation. This is dealt
with by modeling both sides of the occultation (immersion and emersion) simultaneously
and adding the contributions from each side separately to the resulting light curve
throughout the event. Also, the gravity in the atmosphere cannot be assumed to be
constant throughout a small planet occultation, since the atmospheric scale height can be
several percent of the planet's radius (such as a 20 km scale height to a ~1350 km surface
radius for Triton, and a 60 km scale height to an ~ 1150 km surface radius for Pluto).
These effects, as well as the possibility of a thermal gradient and a gradient in the mean
molecular weight of a stratified atmosphere are included in small planet occultation
models by Elliot and Young (1992). These models also add extinction effects to the light
curve for dealing with the possible haze layer hypothesized as an explanation in the P8
occultation light curves, but these extinction effects are disregarded for Triton in the
following analysis.
The next step in the development of occultation light curve analysis was the advent of
full light curve inversion, in which the resulting light curve is analyzed point by point to
pull out the original characteristics of the atmosphere (scale-height, temperature, etc.) at
each stage of the occultation, rather than using averages or analytic approximations such
as is done with model fitting. Light curve inversion had been used for years in the
analysis of radio occultation data from spacecraft (Fjeldbo & Eshleman 1965; Fjeldbo et
al. 1971; Fjeldbo et al. 1976; Gresh et al. 1989), based on original work in seismology
(Aki & Richards 1980) after the solution to the core integral by Abel in 1826. This
inversion technique was later expanded in application to optical light curves (where only
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the amplitude of the incoming flux is known and all phase information is lost) for the
1968 occultation of Neptune (Kovalevsky & Link 1969). French et al. (1978) combined
the methods by using the errors due to photon noise determined from their model fitting
(discussed above) to propagate into the resulting inversion profiles.
Finally, the small body effects described above for light curve modeling were included in
a complete description of a small body light curve inversion, including a rigorous
calculation of errors resulting from photon noise and various systematic error sources, by
Elliot, Person, and Qu (2003b).
Using the geometry determined in the previous chapter, the following sections will apply
these methods of light curve analysis to the Tr231 occultation by Triton.
LIGHT CURVE GENERATION
The first required step is the generation of a light curve from the original occultation
image cube file. The event itself was recorded in file 20010825.1017 (see Appendix A
for detailed observation log), an image cube of 5000 sub-frames each of 200 msec
duration. The image cube was made in frame transfer mode so that each image was
shifted off of the main portion of the chip for reading while the next image was exposing.
Figure 13 shows a sample frame from during the occultation.
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The frame shown in Figure 13 shows three sources: Neptune, a calibration star, and the
combined signal from Tr231 and Triton. To speed up the readout of the frames, a small
52 x 52 pixel sub-frame was read out rather than the full chip. Because even in the frame
transfer mode, the chip itself is neither masked nor shuttered, light still falls on the chip
during the column shifts when moving the image from the exposure region to the frame
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Figure 13: Sample Occultation Frame - This is a sample frame taken while the occultation was in
progress. The large body on the left is Neptune. The bright source to the upper right is a star, and the small
source below and between them is the combined signal from Triton and Tr231. Notice the transfer trails up
and down the chip from the unmasked frame transfer mode.
................ ~ ......... .
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The first attempt to make a light curve from the series of images was done with simple
box photometry. A small 12 x 12 box was drawn around the presumed coordinates of the
Triton/Tr231 signal: (12, 23). This box was then centered on the combined source using
marginal analysis to account for any drift in the entire frame between exposures, and the
total signal in the box was summed. From this was subtracted a background signal
generated by a box in the lower right corner of the frame. The resulting value was
tabulated as the signal from Triton and Tr231 at the mid-time of the frame's exposure.
This resulted in the occultation light curve data tabulated in Appendix B.
This method (box photometry) will account for variations in the background light level as
the background is continuously calibrated, but is sensitive to any changes in seeing
during the occultation, since differing percentages of the light from the source can be
included in the box under differing seeing conditions. This can be accommodated by
making the box larger, but 1) the larger the box becomes the more read noise from each
pixel is included in the signal levels, and 2) the 12 x 12 box was as large as it could be
made without intersecting the frame transfer trail from Neptune.
Changes in seeing can also be accommodated by using a second box around the
(presumed constant) star on the frame. The ratio of Triton+Tr231 to the star should be
constant under varying seeing conditions as the two sources are experiencing the same
atmospheric conditions on each frame. Unfortunately, tests of this methods resulted in a
light curve with greater noise, as measured by the scatter of the points around the level of
the upper baseline of the light curve.
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The second method attempted to improve the light curve was model fitting similar to that
used in Chapter 6 for astrometry. Each of the three objects on the frame was fit with a
Lorenzian point spread functions and the signals from the Tr231+Triton source were
tabulated both with and without ratioing them to the signals from the comparison star.
Again, this "improved" method resulted in a light curve with more noise that the original
box photometry curve.
It seems likely that both attempted improvements were defeated by the vertical frame
transfer streaks that can be seen clearly for the two brighter sources. Triton/Tr231
presumably suffered from this effect as well, but due to their being much fainter, their
streaking appears to be not much above the level of the read noise. Given the frame
transfer light contamination of the box and ratio methods involving the comparison star,
and the improper modeling of the three sources using Lorentzian point spread functions
which did not account for this bleed, it was decided to use the plain box photometry light
curve shown in Appendix B and Figure 14 for all further analyses.
MODEL FITTING
Using the value for the closest approach distance (pmin) of Triton to Tr231 as seen from
the location of the SAAO Sutherland telescope obtained in the previous chapter, we are
able to fit a refractive light curve model to the Sutherland data in order to attempt to
characterize any changes in the atmosphere that occurred between the 2001 Tr231 event
and previous events.
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The initial model fits used a variant of the family of models described by Elliot and
Young (1992). The specific model used accounted for light from both limbs and allowed
for a possible temperature gradient, but did not allow for a gradient in molecular density
or extinction. Table 13 gives the best fitting solution to the various model parameters,
when holding the p.in parameter fixed at a value of 1133.22 km, as determined in Chapter
6.
Table 13: Model Parameters for the Best Fitting Sutherland Light Curve Solution
Model Parameter Value Error
Background Light Fraction 0.9423 0.0001
Full Signal Level (ADU) 137557. 7.
Occultation Mid-time (UT) 2001 8 25 21 47 03.36 0.02
Half Light Radius, rH(km) 1479.01 0.38
Isothermal Energy Ratio at Half Light, Xh 75.6 0.9
Thermal Gradient Exponent, b 2.9 fixed
Closest Approach Distance, Pmin (km) 1133.22 fixed
Shadow Velocity (km/s) 25.1 fixed
Integration Time (s) 0.2 fixed
As seen in Table 13, the shadow velocity was fixed at the value determined from the
prediction, the integration time was set by the observations, and the closest approach
distance was fixed at the value calculated in the previous chapter. The thermal gradient
exponent was fixed at 2.9 as this was the best fitting (non-isothermal) solution
determined by Elliot et al. (2000b) from the Trl80 event observed with the HST in 1997.
This way, the fitted half-light radius can be directly compared to the value from that
event. Figure 14 shows the best fitting model as given in Table 13 over-plotted on the
Tr231 light curve.
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The resulting half-light radius of 1479.01 ± 0.38 km does not include the error in the Pmin
parameter seen in Table 14, but only includes the errors derived from the least-squares
model fit.
Considering only this error from the noise in the light curve, the resulting half-light
radius is significantly larger than the half-light radius of 1456.3 ± 0.2 km determined by
Elliot et al. (1998) for the Trl80 event. This could indicate that the warming trend
(increasing atmospheric radius and pressure) reported (Elliot et al. 1998; Elliot et al.
2000a) between the Voyager observations in 1989 and the occultation observations of
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Figure 14 - Data and Best Fitting Refraction Model for the Tr231 Event: Plotted is the signal from
both Tr231 and Triton for each 200ms integration taken by the PCCD camera at Sutherland. The
overplotted line is the best fitting model to this data with the parameters presented in Table 13. Note the
close correspondence between data and model.
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However, before this result can be accepted, the error bar on the fixed Pmin value in the
model fits must be taken into account. This was done by running the fit twice more while
varying the fixed Pmin value by its error bar both up and down. The resulting Triton half-
light radii from these fits are presented in Table 14. Note the strong correlation between
the fitted half-light radius and the input closest-approach distance.
Table 14: Comparison of Half-Light Values from Fits
Fit Fixed Rho-min (km) Resulting Half Light Radius (km)
Rho-min from Table 13 1133.22 1479.01 ± 0.38
Rho-min + 66.1 kma 1199.32 1530.22 ± 0.39
Rho-min -66.1 kma 1067.12 1430.03 ± 0.37
a66.1 km represents the one-sigma error bar derived from the astrometric solution in
Chapter 6.
Unfortunately, the resulting half-light radius of 1430.03 km, found when using the lower
portion of the error range, is lower than the Trl80 value of 1456.3 km. Thus, the further
increase of Triton's atmosphere cannot be said to be a definitive result. Assuming the
error on the closest approach distance obeys Gaussian statistics, the resulting half-light
radius from 2001 is larger than that of 1997 with a confidence of 77%.
INVERSION
Pressing on, the signal to noise per scale height of the Tr231 light curve is approximately
85. This falls slightly short of the recommended value of 100 determined by Elliot,
Person, and Qu (2003b) for the reliable inversion of a light curve, but inversion should be
instructive nonetheless, as the errors from lower signal to noise ratio curves begin to
accumulate only in the lowest points in the atmosphere as the signal to noise ratio falls
below 100. However, care should be taken not to over-interpret the inversion results.
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Using the calculated impact parameter of pmin = 1133.22 km (again, without accounting
for the error determined from the astrometric reduction) as the baseline for the inversion
distance scale, the light curve was inverted according to the method of Elliot, Person, and
Qu (2003b). This resulted in pressure, temperature, and number-density profiles for the
atmospheric altitude levels sampled by the occultation. Figure 15 displays the
temperature profile resulting from inverting the emersion portion of the occultation light

















Figure 15 - Triton's Temperature Profile from the Tr231 Occultation (Emersion): Triton's
atmospheric temperature is plotted against radius from Triton's center. The lines indicate the derived one-
sigma error bars on the values from the noise in the light curves. This inversion profile was derived from
the light curve emersion using the value Pmin = 1133.22 km. Due to the strong correlations between
successive points, the error bars are best interpreted as allowing a shift of the entire figure to higher or
lower temperatures rather than indicating a lack of knowledge about the fine structure of the inversion
profile. Note the undulations in the lower isothermal portion of the temperature profile. The large error
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Note that the temperature profile in Figure 15 shows the same overall characteristics
determined from previous occultations. In the Trl80 inversions, the upper boundary is
characterized by a smooth decline in temperature until approximately two scale heights
(each approximately 20 km for Triton) below the half light level. At that point it turns
over and is mostly isothermal the rest of the way down with slight undulations (Elliot et
al. 2003b). Using these features as a guide, we see a similar behavior in this light curve.
Starting from the 1479 km half-light radius calculated from the fit, the temperature
declines smoothly until approximately 1440 km at which point it turns over and is
isothermal at approximately 47.5 K for the rest of the curve. Thus, the overall structure
of the atmosphere seems to be preserved between occultations.
Before proceeding, the inversion error due to the astrometric error on pmin can be
estimated by inverting the light curve again using a value of pmin plus or minus the one-
sigma error bar. Figure 16 shows the temperature profile resulting from inverting the
light curve with pmin = 1067.12 km. The profile has the same overall characteristics as
the previous inversion, including the undulations in the lower point of the light curve, but
the entire profile has been shifted warmer by 1 K and occurs lower in the atmosphere.
Similarly, increasing the pmin value lowers the temperature. Thus the error in the
temperature scale of the inversion profile caused by the unknown astrometric errors from
Chapter 6 is slightly smaller than the size of the error bars caused by the random noise in
the data.
Page 99 of 136
Directly comparing the values between the Figure 15 inversion and previous results, the
Trl80 temperature inversions terminated in a slightly higher isothermal temperature,
approximately 51 K, but the error bars of the Tr231 and Trl80 inversions do overlap in
the isothermal region mostly due to the large error bars on the Tr231 inversion curve as
seen in Figure 15. These larger error bars are characteristic of the lower signal to noise
ratio per scale height of this light curve. In fact, adding the 1 K shift to the curve that is
possible from the astrometric error causes the error bars to overlap throughout the light
curve. Subtracting the 1K shift further spreads the two profiles, but leaves them still
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Figure 16 - Triton's Temperature Profile Subtracting the Astrometric Error from Chapter 6: This
plot is analogous to Figure 15, except that radius scale has been computed assuming a Pmin value of
1067.12 km rather than 1133.22 km. Note that it has the same overall profile as the profile from Figure
15, but is shifted approximately 1 K warmer.
e
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The undulations in the isothermal portion of the curve are interpreted to be the result of
some wave structure in Triton's lower atmosphere (Elliot et al. 2003b). This structure
has now been seen in both the Trl80 and Tr231 results. Although the error bars shown in
Figure 15 are significantly larger than the undulations themselves, the inversion process
results in very strong correlations between successive temperature points. Thus the error
bars are best interpreted as defining the envelope in which entire portions of the inversion
profile may be moved higher or lower, rather than invalidating the fine structure seen in
the profile.
To examine the significance of the undulations, we can compare the emersion and
immersion inversions. Figure 17 shows the immersion temperature profile for Pmin =
1133.22 km. The profile shows the same basic structure of a long thermal decline
followed by a turnover just below 1440 km, although in this case the temperature profile
increases slightly. There are smaller undulations than in the emersion curve and they are
differently placed.
The inversion of the Trl80 light curve by Elliot, Person, and Qu (2003b) also had
differing undulations on the two sides of the planet. But in the Trl80 case, the signal to
noise level of the original light curve was high enough that the inversion error bars were
smaller than the undulations themselves, reinforcing their significance. For comparison,
Figure 18 shows the Tr231 and Trl80 temperature inversion profiles.
Therefore, in the Tr231 case, the small size of the undulations in this analysis as well as
the lack of consistency between the two sides of the planet leaves the significance of
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these undulations in doubt. While they have been seen in the much higher signal to
noise ratio data obtained for the Trl80 event, the lower signal to noise of this event,
coupled with the astrometric uncertainty, only allows us to speculate that some wave
structure may have persisted in Triton's atmosphere between the 1997 and 2001 events.
Examining the comparison in Figure 18, one can see that the Tr231 emersion light curve
is consistent in Temperature with the Tr231 inversions to within their error bars. It
indicates a turnover point between the declining temperature and isothermal portions of
the light curve 40 km higher than the Tr231 result, supporting the expanding atmosphere,
but the uncertainty on the Tr231 radius scale (see Table 14) due to the astrometric
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Figure 18: Comparison of Temperature Profiles Between the Trl80 and Tr231 Occultations: Plotted
are the temperature profiles for both the immersion and emersion portions of the Trl80 and Tr231 light
curves. Note that the error bars on the Trl80 temperatures, as derived from the random noise in the light
curve are smaller than the temperature undulations in the lower portions of the light curve. The Tr231 light
curves resemble these undulations, though with larger error bars. The emersion curves are consistent in
final isothermal temperature with the Tr231 curve indicating the turnover point from declining temperature
to isothermal occurs 40 km higher than its Trl80 counterpart. The Tr231 immersion supports this
increased altitude, although at a lower temperature. The 1-sigma Gaussian uncertainty in the Tr231 radius
scale resulting from the astrometric uncertainty is approximately 50 km. The difference in size between the
Tr231 and Trl80 error bars results from the difference in SNRs of the two data sets.
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CHAPTER 8: CONCLUSIONS
METHODS
In Chapter 2, methods for analyzing the overall figure described by chord data from
stellar occultations by small outer solar system bodies were discussed. While these
multiple chord solutions are similar in procedure to methods used by the asteroid
community in great numbers, the difficulty in predicting and observing these fainter
objects has typically resulted in a lower number of chords observed for any particular
occultation.
The procedure for obtaining shapes from these chords is quite straight-forward. Indeed,
least-squares fits of points to simple functions such as circles and ellipses are quite well
understood. However, while all of the errors inserted into these fits results conform to
Gaussian statistics, the low number of degrees of freedom involved in such occultation
figure fits results in model parameters whose errors are not well described by a Gaussian
distribution.
To ensure that the shape figure parameters and the associated formal errors that result
from such fits are properly interpreted, several key prescriptions were presented :
1) The residuals to be minimized in any shape model fit must be measured in the same
direction as the random timing errors (along the chord length),
2) The resulting formal errors on model parameters from such a fit must be increased by
the square root of the factor by which the reduced chi-square value of the fit is different
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from 1.0, and these adjusted errors should be used when examining the significance of
any fitted parameters such as ellipticity, and
3) Grazing points should be treated as constraints of the model rather than additional
least-squares data points for residual minimization.
These prescriptions are not particularly novel, but result from a careful consideration of
the probabilities involved when working with few degrees of freedom. Failure to account
for these factors can lead to confusion as to the true significance of fitted results: whether
they indicate a fundamental state of the body being observed, or are more likely what
might be expected from random chance in any given situation.
While these prescriptions can assist in the solutions of multi-chord occultations, figure
fitting beyond a simple diameter lower limit fails in cases where only one chord is
obtained. In order to account for these situations, which may be quite unexpectedly
caused by weather, equipment failure, or other causes even when multiple chords were
expected, Chapter 6 outlined a method that can be used to analyze occultations in the case
where there is only one occultation light curve available. To do this, two prescriptions
were given to ensure that the reduction is both possible and of sufficient quality:
1) Many astrometric frames should be taken immediately before and after the event at
each observing station to ensure that data are retrieved even when only one station is
successful. The astrometric frames must be spaced far enough away from the event itself
so that the occulting body and the star can be cleanly fit for astrometry. For the
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occultation speeds typical of the outer solar system, this implies the period from two to
three hours before and after the event is the best time to obtain this astrometry,
2) The astrometric frames must be reduced with a consistent standard star network, such
that each frame is calibrated with the identical set of stars. These stars should be from a
high quality astrometric catalog such as the UCAC2 or better. While it is tempting to
center and track the midpoint between the occulting body and the star on the frame to
present a balanced image as the occulting body moves, it is better to center the star and
allow the occulting body to drift through the frame, so that all frames have the same star
field in them.
Following this method, high precision astrometry accompanies any single light curve
obtained and can be used to reduce the light curve. This does not make up for the
difference made by the acquisition of a second (or more) chords however. As shown in
Chapter 6, even when the concurrent astrometry is accurate to 0.003 arcseconds, this
results in an error in the occultation geometry several times the resolution of the light
curves. This error limits what information can be derived from the light curve, but is
better than attempting to analyze the event solely with catalog and ephemeris values.
OCCULTATION RESULTS
In Chapter 3, the 2005 occultation of C313.2 by Charon was reduced using the methods
outlined in Chapter 2 to determine a radius Charon radius of 606.0 - 1.5 km. This value
is an improvement over the previously published results from this event, obtained from
analyzing the various occultation data sets separately (Young et al. 2005; Gulbis et al.
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2006; Sicardy et al. 2006). This improved value was combined with recent estimates of
Charon's mass (Buie et al. 2006) to yield a bulk density for Charon of 1.63 ±+ 0.07 g/cm3 .
This bulk density, which is less than Pluto's 1.92 ± 0.12 g/cm3, is consistent with Pluto-
Charon formation scenarios in which one or both bodies were differentiated before
collision, resulting in a loss of volatile during formation (McKinnon et al. 1997). Of
these scenarios, the most likely case given their difference in densities is one in which the
system was formed during a low-velocity, oblique, two-body (both differentiated)
collision which resulted in Charon coalescing from a post-impact debris disk (Canup
2005).
The figure of Charon was determined to have a slight oblateness in the best fitting
models, with a lower limit of 0.006 ± 0.003. Given the considerations presented in
Chapter 2, this oblateness value has a confidence level of 86%. The larger number of
degrees of freedom available to the fits by using the combined data sets contributed to
this confidence level.
The consistency of the various stations imply that Charon has a surface roughness less
than 1.1 km overall. Two chords obtained from the same geographic locations (SOAR
and Gemini South) have durations that are consistent with each other, but otherwise
inconsistent with all of the other data. Their internal consistency implies they are the
results of some real feature on Charon's surface, rather than caused by independent
timing errors. Thus the C313.2 occultation data set implies the possible existence of a
large crater or valley on Charon's surface at least 7 km in depth.
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Analysis of the 2001 P131.1 and the 1988 P8 stellar occultations by Pluto indicate that
Pluto's atmosphere has a significant deviation from spherical symmetry. The individual
results are not definitive, but have quantifiable confidence levels from the considerations
described in Chapter 2. The ellipticity of Pluto's atmosphere as measured by the P131.1
event was 0.066 ± 0.040, with a confidence level of 63%, and the ellipticity as measured
by the P8 occultations was 0.091 ± 0.041, with a confidence level of 70%. The two
elliptical solutions are inconsistent in direction, but their confidence levels imply both
would have been produced by chance collusion of residuals from a spherical atmosphere
only 11% of the time. Thus, their inconsistence leads to the conclusion that the
aspherical distortion in Pluto's atmosphere is not constant with time, as seen by in the
differing orientations of the fitted ellipses.
In Chapter 5, possible implications of this atmospheric distortion were examined. The
atmosphere seems to be in a state of large super-rotation, although the mechanisms
driving the circulation are unclear. Possibilities include gravity waves breaking in the
lower atmosphere, significant frost migration due to changing insolation patterns on the
surface, and a distorted gravity field from Pluto itself. The variation in the direction of
the oblateness measurements over the 13 years between the events could also be related
to the increasing atmospheric pressure detected by other analyses of these events (Elliot
et al. 2003a).
Finally, the 2001 Tr231 occultation by Triton was analyzed using the method first
outlined by Olkin et al. (1996). From astrometric frames taken on the night of the event
the single obtained chord was calibrated in space. Models were then fit to the light curve
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to determine a half-light radius and inverted to determine a temperature profile of the
atmosphere. Although the half-light radius calculated from the model, 1479.01 ± 0.38
km is quite precise, the error bar from the astrometric solution of 66.1 km propagates to
an error on the half-light radius of ~49 km. Thus, the final result, that the increasing
pressure in Triton's atmosphere observed between the Voyager measurements and the
earlier occultations has continued through 2001, has a confidence level of 77% after
accounting for the measured error in the initial astrometric solution.
This increasing half-light radius, implies an increase in pressure in Triton's atmosphere.
Since the atmosphere is in vapor pressure equilibrium with surface Nitrogen ices, the
surface temperature of the ices must correspondingly be increasing. This could be caused
by changing insolation patterns as Triton moves through its orbit, if the frost is not
uniformly distributed on the surface. Models by Spencer and Moore (1992) show long-
term surface frost migration during Triton's seasonal cycle which supports this
conjecture.
The increasing temperature of the surfaces ices could also be caused by significant
changes in the albedo and other surface properties of the ices, such as if the ice were
covered over by a thin layer of darker material. Changes in the overall albedo of the
planet have been detected observationally, (Buratti et al. 1994; Buratti et al. 1999),
supporting this mechanism as another contributing factor.
In order to monitor the changing atmospheres of Triton and Pluto, and further
characterize the surface figure of Charon, observations of future occultations by these
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bodies should be attempted. While spacecraft missions, such as the Voyager
observations of Triton, and the in-flight New Horizons mission to Pluto-Charon, can
provide valuable snapshots of in depth information on these bodies, detecting trends and
changes in the atmospheres or surfaces of these bodies requires frequent monitoring. At
present, analysis of stellar occultation data is among the best ways to monitor changing
pressures and temperatures of these atmospheres.
When planning future events the prescriptions listed above should be kept in mind, both
during the observations and analysis of the results. While not a substitute for numerous
high-quality light curves, the presented guidelines can be used to derive the maximum
amount of information from limited observational resources.
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APPENDIX A: DEFINITIONS OF SYMBOLS
Table Al: List of all symbols appearing in the text
Symbol Meaning
X Wavelength of the occultation observations
Q Angular velocity of planetary rotation.
o Planetary latitude.
f Sum of the squared residuals (data - model) in a least-squares fit.
y2n Variance (assuming Gaussian statistics) of a measured parameter.
Od Direction from the model center to data point n measured from the East
axis.
(fg) East and North coordinates in the occultation plane as seen by an
observer centered on the star position.
(fo, go) Coordinates of the center of the occulting body at its closest approach to
the center of the (f, g) system.
XH Atmospheric energy ratio (potential to kinetic) at the occultation half-
light level.
Pmin Closest approach distance in the occultation plane of the occulting body
to the star as seen from an observing station. Also called "impact
parameter".
On The angle between the direction from the center of a figure model to a
data point and the direction of the chord path at that data point.
(rn, cn) Row and column position of a detector pixel.
(ro, co) Row and column position of the center of a Lorenzian point spread
function.
(x,y,z) Rectilinear coordinate system in the atmosphere corresponding to (East,
North, Up).
(xo, Yo) X and Y coordinates of the centerpoint of the circular or elliptical
models.
(xo, Yo) X and Y coordinates of a data point fit to the circular or elliptical models.
A Atmospheric radius at some pressure level.
B Thermal gradient exponent in the synthetic occultation light curve
models.
D Distance between the observer and an occulting body
d, Distance between the model center and the ellipse in the direction of data
point n
e Ellipticity (defined as 1 minus the ratio of the semi-major and semi-
minor axes) of an elliptical figure model.
F Peak signal at the center of a Lorenzian point spread function.
fgh Rectilinear coordinate system corresponding to the geocentric occultation
plane (f,g) and the distance from the center of the Earth to an observer or
occulting body.
G Acceleration due to gravity.
H Atmospheric scale height.
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Symbol Meaning
HR Absolute magnitude (scaled to a body-observer distance of 1 AU, and a
body-sun distance of I AU) of a solar system body in the R filter.
Hv Absolute magnitude (scaled to a body-observer distance of 1 AU, and a
body-sun distance of I AU) of a solar system body in the V filter.
J2 First order oblateness of a three-dimensional spheroid.
k Boltzman's constant.
1 Exponential decay length of the diffraction spike models.
MO Angular momentum of the atmosphere measured in a band at latitude 0.
mamu Mass of an atomic mass unit.
Meq Angular momentum of the atmosphere measured in a band at the equator.
n Iteration variable.
N Number of data points in a least-squares fit.
p Scaling exponent appearing in a Lorenzian point spread function.
PA Position angle (measured North through East) of the semi-major axis of
an elliptical figure model.
rH Radius of an atmosphere at the occultation half-light level.
ro Radius in a circular figure model or semi-major axis in an elliptical figure
model.
Sd Intensity of the diffraction spike model signal at distance d from the
center of its associated Lorenzian point spread function.
Sn Value of a point spread function at position n.
SNR Signal to noise ratio
So Peak intensity of the diffraction spike model signal at the center of its
associated Lorenzian point spread function.
T Temperature.
u Horizontal wind velocity in the Easterly direction.
v Horizontal wind speed.
w Full width at half maximum of a Lorenzian point spread function.
XYZ Rectilinear coordinate system centered on the geocenter corresponding to
the axes of the celstial equator and the celestial pole with X pointing
towards the first point of Ares.
p Mean molecular weight of atmospheric constituents.
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APPENDIX B: OBSERVATION LOG FROM SUTHERLAND (SAAO)
FOR THE TR231 OBSERVATIONS
Table B1 is a transcription from the observing log kept by Katie Morzinski during the 25
August 20001 observations at the SAAO Radcliffe telescope at Sutherland, South Africa.
"Frame" mode indicates the 52 x 52 Frame Transfer mode used for occultation
observations, while "Full" indicates the full chip was read out for astrometric
observations.
Spaces in the table indicate that no data was recorded in the log for those entries.
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Table BI: Tr231 Observation Log from Sutherland
Filename Time Exp. Time Mode Reps Notes
20010825.nnnn (UT)
0000 16:18 2 s Full 1 Saturated
0001 16:18 200 ms Full 1 Saturated
0002 16:27 200 ms Frame 5 Saturated
0003 16:30 200 ms Frame 5000 Bias in occultation mode
0004 16:47 200 ms Frame 1000 Twilght flat
0005-0014 16:51 40 s Full I Sky flat
0015-0024 16:59 40 s Full 1 Dark shutter closed
0025-0034 17:09 2 ps Full 1 Dark shutter closed
0035 17:17 2s Full 1 Focus 939
0036 17:19 2s Full 1 Focus 955
0037 17:20 2 s Full I Focus 950
0038 17:21 2s Full 1 Focus 945
0039 17:22 2 s Full 1 Focus 940
0040 17:22 2s Full 1 Focus 935
0041 17:23 2 s Full 1 Focus 930
0042 17:24 2s Full 1 Focus 925
0043 17:26 2s Full 1 Focus 932
0044-0063 17:27 2 s Full 1 Tr231 centered
0064-0083 17:31 2 s Full 1
0084-0103 17:36 2s Full 1
0104-0123 17:40 2s Full 1
0124-0173 17:45 2s Full 1
0174-0123 - 2s Full 1
0124-0298 18:08 2s Full 1
0299 18:22 2 s Full 1 FWHM 3.59 x 3.80
0300-0349 18:24 2s Full 1
0350-0399 18:34 2 s Full 1
0400-0449 18:44 2 s Full 1
0450 18:55 2s Full 1
0451 18:56 2s Full 1
0452 18:57 2s Full 1
0453 18:58 2s Full 1
0454 18:59 2s Full 1
0455 19:00 2 s Full 1
0456-0504 19:02 2 s Full 1
0505-0554 19:14 2s Full 1
0555-0604 - 2 s Full 1
0605-0654 19:35 2 s Full 1
0655-0704 19:46 2 s Full 1
0705-0754 19:57 2 s Full 1
0755-0804 20:07 2 s Full 1
0805 20:13 2s Full 1
0806 20:19 2s Full 1
0807 20:20 2 s Full 1
0808 20:22 2 s Full 1
0809-0858 20:22 2 s Full 1
0859-0888 20:33 2 s Full 1
0889-0938 20:39 2 s Full 1
0939-0999 20:51 2s Full 1
1000 21:07 2s Full 1 Focus 932
1001 21:09 2 s Full 1 Focus 948
1002 21:10 2s Full 1 Focus 943
1003 21:11 2s Full 1 Focus 941
1004 21:12 2s Full 1 Focus 941
1005 200 ms Frame 10
1006 21:16 200 ms Frame 10
1007 21:16 200 ms Frame 5000 Very clear sky
1008 21:31 200 ms Frame 10
1009 21:34 200 ms Frame 10
1010 21:35 200 ms Frame 10
1011 21:36 200 ms Frame 10
1012 21:36 200 ms Frame 10
1013 21:36 200 ms Frame 10
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1014 21:37 200 ms Frame 10
1015 21:37 200 ms Frame 10
1016 21:38 200 ms Frame 10 Last Test
1017 21:39 200 ms Frame 5000 OCCULTATION
1018 21:55 2 s Full 1 Mike called. He had clouds.
1019-1023 21:56 2s Full 1
1024-1028 22:53 2s Full 1
1029 22:55 2s Full 1
1030 22:56 2s Full 1
1031 22:56 2s Full 1
1032 22:57 2s Full I
1033 22:58 2s Full 1
1034 200 ms Frame 10 Occultation mode dark
1035 200 ms Frame 5
1036 23:22 200 ms Frame 5
1037 23:26 200 ms Frame 1000
1038 23:29 200 ms Frame 1000
1039 23:33 200 ms Frame 1000
1040 200 ms Frame 1000
1041 23:36 200 ms Frame 1000
1042 23:51 2s Full 1
1043 23:52 2s Full 1
1044 23:53 2s Full 1
1045 23:54 2s Full 1
1046-1095 23:55 2s Full 1
1096-1145 00:05 2s Full 1
1146-1195 00:16 2s Full 1
1196-1245 00:26 2s Full 1
1246-1295 00:36 2s Full 1
1296-1345 00:46 2s Full 1
1346-1355 00:57 2ps Full 1
1356-1365 1:00 40 s Full 1
1366-1375 1:08 1 s Full 1
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APPENDIX C: BOX PHOTOMETRY LIGHT CURVE DATA FROM
THE TR231 OCCULTATION
Table Cl: Tr231 Light Curve Data




1500 2001 8 25 21 43 57.1000 137550.
1501 2001 8 25 21 43 57.3000 137522.
1502 2001 8 25 21 43 57.5000 137470.
1503 2001 8 25 21 43 57.7000 137674.
1504 2001 8 25 2143 57.9000 137429.
1505 2001 8 25 21 43 58.1000 137401.
1506 2001 8 25 21 43 58.3000 137686.
1507 2001 8 25 2143 58.5000 137631.
1508 2001 8 25 21 43 58.7000 137602.
1509 2001 8 25 2143 58.9000 137565.
1510 2001 8 25 2143 59.1000 137384.
1511 2001 8 25 2143 59.3000 137658.
1512 2001 8 25 2143 59.5000 137669.
1513 2001 8 25 21 43 59.7000 137670.
1514 2001 8 25 21 43 59.9000 137765.
1515 2001 8 25214400.1000 137594.
1516 2001 8 25 21 44 00.3000 137492.
1517 2001 8 25 21 4400.5000 137477.
1518 2001 825214400.7000 137633.
1519 2001. 825214400.9000 137764.
1520 2001 8 25 21 44 01.1000 137740.
1521 2001 8 25 2144 01.3000 137644.
1522 2001 8 25 21 44 01.5000 137615.
1523 2001 8 25 2144 01.7000 137570.
1524 2001 8 25214401.9000 137572.
1525 2001 825214402.1000 137821.
1526 2001 8 25 2144 02.3000 137757.
1527 2001 8 25 2144 02.5000 137723.
1528 2001 8 25 2144 02.7000 137526.
1529 2001 8 25 2144 02.9000 137640.
1530 2001 8 25 2144 03.1000 137520.
1531 2001 8 25 21 44 03.3000 137739.
1532 2001 8 25 2144 03.5000 137844.
1533 2001 825214403.7000 137613.
1534 2001 825214403.9000 137594.
1535 2001 825214404.1000 137850.
1536 2001 8 25 21 44 04.3000 137356.
1537 2001 8 25 21 44 04.5000 137834.
1538 2001 8 25 2144 04.7000 137519.
1539 2001 8 25 21 44 04.9000 137630.
1540 2001 8 25 2144 05.1000 137719.
1541 2001 825214405.3000 137534.
1542 2001 8 25 2144 05.5000 137698.
1543 2001 8 25 2144 05.7000 137347.
1544 2001 825214405.9000 137438.
1545 2001 825214406.1000 137452.
1546 2001 8 25 21 44 06.3000 137626.
1547 2001 8 25 21 44 06.5000 137680.
1548 2001 825214406.7000 137737.
1549 2001 8 25 21 44 06.9000 137466.
1550 2001 825214407.1000 137569.
1551 2001 825214407.3000 137615.
1552 2001 8 25 21 44 07.5000 137595.
1553 2001 8 25 2144 07.7000 137551.
1554 2001 8 25 2144 07.9000 137802.
1555 2001 8 25 21 44 08.1000 137507.
1556 2001 8 25 21 44 08.3000 137650.
1557 2001 8 25 2144 08.5000 137449.
1558 2001 8 25 21 44 08.7000 137657.
1559 2001 8 25 2144 08.9000 137440.
1560 2001 8 25 21 44 09.1000 137570.
1561 2001 8 25 2144 09.3000 137759.
1562 2001 8 25 21 44 09.5000 137437.
1563 2001 82521 4409.7000 137651.
1564 2001 8 25 2144 09.9000 137386.
1565 2001 8 25 2144 10.1000 137659.
1566 2001 8 25 2144 10.3000 137639.
1567 2001 8 25 2144 10.5000 137250.
1568 2001 8 25 2144 10.7000 137701.
1569 2001 8 25 2144 10.9000 137487.
1570 2001 8 25 2144 11.1000 137881.
1571 2001 8 25 2144 11.3000 137651.
1572 2001 8 25 2144 11.5000 137747.
1573 2001 8 25 21 44 11.7000 137675.
1574 2001 8 25 21 44 11.9000 137618.
1575 2001 8 25 2144 12.1000 137568.
1576 2001 8 25 21 44 12.3000 137688.
1577 2001 8 25 21 44 12.5000 137576.
1578 2001 8 25 2144 12.7000 137672.
1579 2001 8 25 2144 12.9000 137647.
1580 2001 8 25 21 44 13.1000 137827.
1581 2001 8 25 2144 13.3000 137530.
1582 2001 8 25 21 44 13.5000 137807.
1583 2001 8 25 2144 13.7000 137821.
1584 2001 8 25 2144 13.9000 137690.
1585 2001 8 25 2144 14.1000 137654.
1586 2001 8 25 2144 14.3000 137503.
1587 2001 8 25 2144 14.5000 137678.
1588 2001 8 25 2144 14.7000 137626.
1589 2001 8 25 2144 14.9000 137857.
1590 2001 8 25 2144 15.1000 137579.
1591 2001 8 25 21 44 15.3000 137681.
1592 2001 8 25 2144 15.5000 137871.
1593 2001 8 25 2144 15.7000 137606.
1594 2001 8 25 2144 15.9000 137705.
1595 2001 8252144 16.1000 137739.
1596 2001 8 25 21 44 16.3000 137710.
1597 2001 8 25 21 44 16.5000 137759.
1598 2001 8 25 2144 16.7000 137722.
1599 2001 8 25 21 44 16.9000 137580.
1600 2001 8 25 2144 17.1000 137402.
1601 2001 8 25 2144 17.3000 137557.
1602 2001 8 25 2144 17.5000 137605.
1603 2001 8 25 2144 17.7000 137632.
1604 2001 8 25 2144 17.9000 137748.
1605 2001 8 25 2144 18.1000 137660.
1606 2001 8 25 21 44 18.3000 137519.
1607 2001 8 25 21 44 18.5000 137807.
1608 2001 8 25 2144 18.7000 137405.
1609 2001 8 25 2144 18.9000 137502.
1610 2001 8 25 2144 19.1000 137600.
1611 2001 8252144 19.3000 137746.
1612 2001 8 25 21 44 19.5000 137532.
1613 2001 8 25 2144 19.7000 137674.
1614 2001 8 25 2144 19.9000 137688.
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1615 2001 8 25 21 44 20.1000 137569.
1616 2001 8 25 214420.3000 137621.
1617 2001 8 25 214420.5000 137718.
1618 2001 8 25 214420.7000 137904.
1619 2001 8 25 214420.9000 137698.
1620 2001 8 25 214421.1000 137453.
1621 2001 8 25 214421.3000 137668.
1622 2001 8 25 2144 21.5000 137773.
1623 2001 8 25 2144 21.7000 137710.
1624 2001 8 25 214421.9000 137591.
1625 2001 8 25 214422.1000 137921.
1626 2001 8 25 2144 22.3000 137748.
1627 2001 8 25 214422.5000 137530.
1628 2001 8 25 214422.7000 137386.
1629 2001 8 25 214422.9000 137695.
1630 2001 8 25 214423.1000 137785.
1631 2001 8 25 214423.3000 137661.
1632 2001 8 25 21 44 23.5000 137786.
1633 2001 8 25 214423.7000 137622.
1634 2001 825214423.9000 137811.
1635 2001 8 25 214424.1000 137673.
1636 2001 8 25 214424.3000 137640.
1637 2001 8 25 214424.5000 137556.
1638 2001 8 25 214424.7000 137500.
1639 2001 8 25 214424.9000 137431.
1640 2001 8 25 214425.1000 137932.
1641 2001 8 25 2144 25.3000 137454.
1642 2001 8 25 214425.5000 137575.
1643 2001 8 25 214425.7000 137737.
1644 2001 8 25 214425.9000 137810.
1645 2001 8 25 2144 26.1000 137548.
1646 2001 8 25 214426.3000 137575.
1647 2001 8 25 214426.5000 137305.
1648 2001 8 25 2144 26.7000 137448.
1649 2001 8 25 2144 26.9000 137609.
1650 2001 8 25 2144 27.1000 137800.
1651 2001 8 25 214427.3000 137510.
1652 2001 8 25 2144 27.5000 137473.
1653 2001 8 25 214427.7000 137503.
1654 2001 8 25 214427.9000 137759.
1655 2001 8 25 21 4428.1000 137834.
1656 2001 8 25 214428.3000 137662.
1657 2001 82521 4428.5000 137624.
1658 2001 8 25 214428.7000 137407.
1659 2001 8 25 21 4428.9000 137701.
1660 2001 8 25 21 4429.1000 137595.
1661 2001 825214429.3000 137879.
1662 2001 8 25 2144 29.5000 137571.
1663 2001 825214429.7000 137532.
1664 2001 8 25 214429.9000 137717.
1665 2001 8 25 21 44 30.1000 137641.
1666 2001 8 25 2144 30.3000 137453.
1667 2001 8 25 214430.5000 137512.
1668 2001 8 25 214430.7000 137428.
1669 2001 8 25 214430.9000 137458.
1670 2001 8 25 21 4431.1000 137743.
1671 2001 8 25 214431.3000 137597.
1672 2001 8 25 21 4431.5000 137553.
1673 2001 82521 4431.7000 137857.
1674 2001 82521 4431.9000 137392.
1675 2001 8 25 21 4432.1000 137828.
1676 2001 82521 4432.3000 137578.
1677 2001 8 25 214432.5000 137445.
1678 2001 82521 4432.7000 137801.
1679 2001 8 25 21 4432.9000 137869.
1680 2001 82521 4433.1000 137607.
1681 2001 8 25 21 4433.3000 137753.
1682 2001 82521 4433.5000 137740.
1683 2001 82521 4433.7000 137311.
1684 2001 8 25 21 4433.9000 137467.
1685 2001 82521 4434.1000 137552.
1686 2001 82521 4434.3000 137592.
1687 2001 82521 4434.5000 137590.
1688 2001 8 25 21 44 34.7000 137516.
1689 2001 8 25 21 44 34.9000 137577.
1690 2001 82521 4435.1000 137638.
1691 2001 8 25 214435.3000 137660.
1692 2001 8 25 21 44 35.5000 137518.
1693 2001 8 25 2144 35.7000 137587.
1694 2001 8 25 214435.9000 137489.
1695 2001 8 25 214436.1000 137723.
1696 2001 8 25 214436.3000 137632.
1697 2001 8 25 214436.5000 137643.
1698 2001 8 25 21 44 36.7000 137516.
1699 2001 8 25 21 4436.9000 137876.
1700 2001 8 25 214437.1000 137737.
1701 2001 8 25 21 4437.3000 137690.
1702 2001 8 25 214437.5000 137486.
1703 2001 82521 4437.7000 137585.
1704 2001 8 25 21 4437.9000 137558.
1705 2001 8 25 214438.1000 137847.
1706 2001 8 25 214438.3000 137674.
1707 2001 8 25 21 44 38.5000 137617.
1708 2001 8 25 214438.7000 137725.
1709 2001 8 25 214438.9000 137629.
1710 2001 8 25 214439.1000 137798.
1711 2001 8 25 21 44 39.3000 137660.
1712 2001 8 25 214439.5000 137375.
1713 2001 8 25 214439.7000 137616.
1714 2001 8 25 21 44 39.9000 137862.
1715 2001 8 25 21 44 40.1000 137793.
1716 2001 8 25 2144 40.3000 137657.
1717 2001 8 25 214440.5000 137733.
1718 2001 8 25 21 44 40.7000 137587.
1719 2001 8 25 21 4440.9000 137847.
1720 2001 8 25 214441.1000 137791.
1721 2001 8 25 21 44 41.3000 137689.
1722 2001 8 25 214441.5000 137492.
1723 2001 82521 4441.7000 137319.
1724 2001 8 25 21 4441.9000 137678.
1725 2001 8 25 21 44 42.1000 137523.
1726 2001 8 25 21 4442.3000 137695.
1727 2001 8 25 214442.5000 137754.
1728 2001 8 25 21 44 42.7000 137674.
1729 2001 8 25 21 4442.9000 137694.
1730 2001 8 25 21 4443.1000 137566.
1731 2001 8 25 21 4443.3000 137575.
1732 2001 8 25 21 4443.5000 137710.
1733 2001 8 25 21 4443.7000 137648.
1734 2001 8 25 21 4443.9000 137672.
1735 2001 8 25 21 4444.1000 137641.
1736 2001 8 25 21 44 44.3000 137909.
1737 2001 8 25 214444.5000 137842.
1738 2001 8 25 214444.7000 137530.
1739 2001 8 25 214444.9000 137765.
1740 2001 8 25 21 4445.1000 137935.
1741 2001 8 25 21 44 45.3000 137454.
1742 2001 8 25 21 4445.5000 137562.
1743 2001 8 25 21 4445.7000 137768.
1744 2001 8 25 21 4445.9000 137414.
1745 2001 8 25 21 44 46.1000 137659.
1746 2001 8 25 21 4446.3000 137656.
Page 125 of 136
1747 2001 8 25 214446.5000 137558.
1748 2001 8 25 214446.7000 137441.
1749 2001 8 25 214446.9000 137590.
1750 2001 8 25 214447.1000 137686.
1751 2001 8 25 214447.3000 137814.
1752 2001 8 25 214447.5000 137627.
1753 2001 8 25 21 44 47.7000 137474.
1754 2001 8 25 21 44 47.9000 137780.
1755 2001 8 25 2144 48.1000 137796.
1756 2001 82521 4448.3000 137530.
1757 2001 8 25 214448.5000 137608.
1758 2001 8 25 214448.7000 137657.
1759 2001 8 25 214448.9000 137774.
1760 2001 8 25 214449.1000 137404.
1761 2001 8 25 214449.3000 137658.
1762 2001 8 25 214449.5000 137584.
1763 2001 8 25 214449.7000 137673.
1764 2001 8 25 214449.9000 137724.
1765 2001 8 25 214450.1000 137630.
1766 2001 8 25 214450.3000 137909.
1767 2001 8 25 214450.5000 137888.
1768 2001 8 25 214450.7000 137715.
1769 2001 8 25 214450.9000 137852.
1770 2001 8 25 214451.1000 137485.
1771 2001 8 25 214451.3000 137583.
1772 2001 8 25 214451.5000 137781.
1773 2001 8 25 214451.7000 137943.
1774 2001 8 25 214451.9000 137634.
1775 2001 8 25 214452.1000 137800.
1776 2001 8 25 214452.3000 137506.
1777 2001 8 25 214452.5000 137775.
1778 2001 8 25 214452.7000 137820.
1779 2001 8 25 214452.9000 137754.
1780 2001 8 25 214453.1000 137430.
1781 2001 8 25 214453.3000 137627.
1782 2001 8 25 214453.5000 137648.
1783 2001 8 25 214453.7000 137601.
1784 2001 8 25 214453.9000 137362.
1785 2001 8 25 214454.1000 137379.
1786 2001 8 25 214454.3000 137435.
1787 2001 8 25 214454.5000 137585.
1788 2001 8 25 214454.7000 137604.
1789 2001 8 25 214454.9000 137575.
1790 2001 8 25 214455.1000 137488.
1791 2001 8 25 214455.3000 137709.
1792 2001 8 25 214455.5000 137700.
1793 2001 8 25 214455.7000 137874.
1794 2001 8 25 214455.9000 137350.
1795 2001 8 25 214456.1000 137612.
1796 2001 8 25 21 4456.3000 137729.
1797 2001 8 25 214456.5000 137627.
1798 2001 8 25 214456.7000 137625.
1799 2001 8 25 214456.9000 137612.
1800 2001 8 25 214457.1000 137659.
1801 2001 8 25 214457.3000 137500.
1802 2001 8 25 214457.5000 137580.
1803 2001 8 25 214457.7000 137665.
1804 2001 8 25 21 44 57.9000 137579.
1805 2001 825214458.1000 137608.
1806 2001 8 25 21 44 58.3000 137997.
1807 2001 8 25 214458.5000 137453.
1808 2001 8 25 214458.7000 137493.
1809 2001 8 25 214458.9000 137440.
1810 2001 8 25 214459.1000 137584.
1811 2001 8 25 214459.3000 137486.
1812 2001 8 25 214459.5000 137322.
1813 2001 8 25 214459.7000 137746.
1814 2001 8 25 214459.9000 137342.
1815 2001 8 25 21 45 00.1000 137649.
1816 2001 8 25 21 45 00.3000 137841.
1817 2001 8 25 2145 00.5000 137654.
1818 2001 8 25 2145 00.7000 137654.
1819 2001 8 25 21 45 00.9000 137605.
1820 2001 8 25 2145 01.1000 137663.
1821 2001 8 25 2145 01.3000 137510.
1822 2001 8 25 21 45 01.5000 137575.
1823 2001 8 25 21 45 01.7000 137891.
1824 2001 8 25 21 45 01.9000 137577.
1825 2001 8 25 21 45 02.1000 137355.
1826 2001 8 25 21 45 02.3000 137503.
1827 2001 8 25 21 45 02.5000 137664.
1828 2001 8 25 21 45 02.7000 137372.
1829 2001 8 25 21 45 02.9000 137676.
1830 2001 8 25 2145 03.1000 137793.
1831 2001 8 25 21 45 03.3000 137533.
1832 2001 8 25 21 45 03.5000 137785.
1833 2001 8 25 21 45 03.7000 137597.
1834 2001 8 25 2145 03.9000 137611.
1835 2001 8 25 214504.1000 137668.
1836 2001 8 25 21 45 04.3000 137833.
1837 2001 8 25 21 45 04.5000 137716.
1838 2001 8 25 21 4504.7000 137692.
1839 2001 8 25 2145 04.9000 137615.
1840 2001 8 25 21 45 05.1000 137527.
1841 2001 8 25 21 45 05.3000 137598.
1842 2001 8 25 21 45 05.5000 137954.
1843 2001 8 25 21 45 05.7000 137809.
1844 2001 8 25 2145 05.9000 137751.
1845 2001 8 25 21 45 06.1000 137583.
1846 2001 8 25 2145 06.3000 137715.
1847 2001 8 25 2145 06.5000 137615.
1848 2001 8 25 21 45 06.7000 137500.
1849 2001 8 25 21 45 06.9000 137532.
1850 2001 8 25 21 45 07.1000 137557.
1851 2001 8 25 2145 07.3000 137721.
1852 2001 8 25 21 45 07.5000 137483.
1853 2001 8 25 21 45 07.7000 137380.
1854 2001 8 25 2145 07.9000 137643.
1855 2001 8 25 2145 08.1000 137613.
1856 2001 8 25 21 45 08.3000 137730.
1857 2001 8 25 21 45 08.5000 137582.
1858 2001 8 25 21 45 08.7000 137535.
1859 2001 8 25 21 45 08.9000 137688.
1860 2001 8 25 2145 09.1000 137597.
1861 2001 8 25 21 45 09.3000 137713.
1862 2001 8 25 21 45 09.5000 137546.
1863 2001 8 25 21 45 09.7000 137477.
1864 2001 8 25 21 45 09.9000 137778.
1865 2001 8 25 21 45 10.1000 137650.
1866 2001 8 25 21 45 10.3000 137429.
1867 2001 8 25 21 45 10.5000 137583.
1868 2001 82521 45 10.7000 137582.
1869 2001 82521 45 10.9000 137690.
1870 2001 8252145 11.1000 137689.
1871 2001 82521 45 11.3000 137658.
1872 2001 82521 45 11.5000 137669.
1873 2001 8252145 11.7000 137454.
1874 2001 8 25 21 45 11.9000 137648.
1875 2001 8252145 12.1000 137388.
1876 2001 82521 45 12.3000 137678.
1877 2001 8 25 21 45 12.5000 137466.
1878 2001 82521 45 12.7000 137668.
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1879 2001 8 25 21 45 12.9000 137395.
1880 2001 8 25 21 45 13.1000 137660.
1881 2001 8 25 21 45 13.3000 137796.
1882 2001 8 25 21 45 13.5000 137489.
1883 2001 8 25 21 45 13.7000 137734.
1884 2001 8 25 21 45 13.9000 137580.
1885 2001 8 25 21 45 14.1000 137658.
1886 2001 8 25 21 45 14.3000 137566.
1887 2001 8 25 21 45 14.5000 137638.
1888 2001 8 25 21 45 14.7000 137424.
1889 2001 8 25 21 45 14.9000 137843.
1890 2001 8 25 21 45 15.1000 137794.
1891 2001 8 25 21 45 15.3000 137670.
1892 2001 8 25 21 45 15.5000 137675.
1893 2001 8 25 21 45 15.7000 137619.
1894 2001 8 25 21 45 15.9000 137709.
1895 2001 8 25 21 45 16.1000 137587.
1896 2001 8 25 21 45 16.3000 137531.
1897 2001 8 25 21 45 16.5000 137717.
1898 2001 8 25 21 45 16.7000 137714.
1899 2001 8 25 21 45 16.9000 137669.
1900 2001 8 25 21 45 17.1000 137577.
1901 2001 8 25 21 45 17.3000 137429.
1902 2001 8 25 21 45 17.5000 137473.
1903 2001 8 25 21 45 17.7000 137661.
1904 2001 8 25 21 45 17.9000 137457.
1905 2001 8 25 21 45 18.1000 137586.
1906 2001 8 25 21 45 18.3000 137446.
1907 2001 8 25 21 45 18.5000 137463.
1908 2001 8 25 21 45 18.7000 137724.
1909 2001 8 25 21 45 18.9000 137533.
1910 2001 8 25 21 45 19.1000 137362.
1911 2001 8 25 21 45 19.3000 137513.
1912 2001 8 25 21 45 19.5000 137516.
1913 2001 8 25 21 45 19.7000 137626.
1914 2001 8 25 21 45 19.9000 137787.
1915 2001 8 25 21 45 20.1000 137683.
1916 2001 8 25 21 45 20.3000 137681.
1917 2001 8 25 21 45 20.5000 137382.
1918 2001 8 25 21 45 20.7000 137419.
1919 2001 8 25 21 45 20.9000 137633.
1920 2001 8 25 21 45 21.1000 137438.
1921 2001 8 25 21 45 21.3000 137733.
1922 2001 8 25 21 45 21.5000 137593.
1923 2001 8 25 21 45 21.7000 137721.
1924 2001 8 25 21 45 21.9000 137449.
1925 2001 8 25 21 45 22.1000 137660.
1926 2001 8 25 21 45 22.3000 137631.
1927 2001 8 25 21 45 22.5000 137563.
1928 2001 8 25 21 45 22.7000 137527.
1929 2001 8 25 21 45 22.9000 137551.
1930 2001 8 25 21 45 23.1000 137712.
1931 2001 8 25 21 45 23.3000 137473.
1932 2001 8 25 21 45 23.5000 137849.
1933 2001 8 25 21 45 23.7000 137638.
1934 2001 8 25 21 45 23.9000 137699.
1935 2001 8 25 21 45 24.1000 137694.
1936 2001 8 25 21 45 24.3000 137415.
1937 2001 8 25 21 45 24.5000 137612.
1938 2001 8 25 21 45 24.7000 137528.
1939 2001 8 25 21 45 24.9000 137746.
1940 2001 8 25 21 45 25.1000 137571.
1941 2001 8 25 21 45 25.3000 137687.
1942 2001 8 25 21 45 25.5000 137603.
1943 2001 8 25 21 45 25.7000 137665.
1944 2001 8 25 21 45 25.9000 137495.
1945 2001 8 25 21 45 26.1000 137681.
1946 2001 8 25 21 45 26.3000 137586.
1947 2001 8 25 21 45 26.5000 137592.
1948 2001 8 25 21 45 26.7000 137582.
1949 2001 8 25 21 45 26.9000 137689.
1950 2001 8 25 21 45 27.1000 137499.
1951 2001 8 25 21 45 27.3000 137481.
1952 2001 8 25 21 45 27.5000 137537.
1953 2001 8 25 21 45 27.7000 137515.
1954 2001 8 25 21 45 27.9000 137748.
1955 2001 8 25 21 45 28.1000 137845.
1956 2001 8 25 21 45 28.3000 137450.
1957 2001 8 25 21 45 28.5000 137642.
1958 2001 8 25 21 45 28.7000 137581.
1959 2001 8 25 21 45 28.9000 137762.
1960 2001 8 25 21 45 29.1000 137775.
1961 2001 8 25 21 45 29.3000 137741.
1962 2001 8 25 21 45 29.5000 137559.
1963 2001 8 25 21 45 29.7000 137473.
1964 2001 8 25 21 45 29.9000 137955.
1965 2001 8 25 21 45 30.1000 137851.
1966 2001 8 25 21 45 30.3000 137717.
1967 2001 8 25 21 45 30.5000 137660.
1968 2001 8 25 21 45 30.7000 137539.
1969 2001 8 25 21 45 30.9000 137799.
1970 2001 8 25 21 45 31.1000 137534.
1971 2001 8 25 21 45 31.3000 137618.
1972 2001 8 25 21 45 31.5000 137697.
1973 2001 8 25 21 45 31.7000 137649.
1974 2001 8 25 21 45 31.9000 137421.
1975 2001 8 25 21 45 32.1000 137606.
1976 2001 8 25 21 45 32.3000 137705.
1977 2001 8 25 21 45 32.5000 137520.
1978 2001 8 25 21 45 32.7000 137451.
1979 2001 8 25 21 45 32.9000 137670.
1980 2001 8 25 21 45 33.1000 137661.
1981 2001 8 25 21 45 33.3000 137558.
1982 2001 8 25 21 45 33.5000 137394.
1983 2001 8 25 21 45 33.7000 137472.
1984 2001 8 25 21 45 33.9000 137685.
1985 2001 8 25 21 45 34.1000 137578.
1986 2001 8 25 21 45 34.3000 137574.
1987 2001 8 25 21 45 34.5000 137461.
1988 2001 8 25 21 45 34.7000 137462.
1989 2001 8 25 21 45 34.9000 137653.
1990 2001 8 25 21 45 35.1000 137490.
1991 2001 8 25 21 45 35.3000 137379.
1992 2001 8 25 21 45 35.5000 137676.
1993 2001 8 25 21 45 35.7000 137738.
1994 2001 8 25 21 45 35.9000 137495.
1995 2001 8 25 21 45 36.1000 137197.
1996 2001 8 25 21 45 36.3000 137549.
1997 2001 8 25 21 45 36.5000 137485.
1998 2001 8 25 21 45 36.7000 137453.
1999 2001 8 25 21 45 36.9000 137618.
2000 2001 8 25 21 45 37.1000 137531.
2001 2001 8 25 21 45 37.3000 137780.
2002 2001 8 25 21 45 37.5000 137809.
2003 2001 8 25 21 45 37.7000 137564.
2004 2001 8 25 21 45 37.9000 137401.
2005 2001 8 25 21 45 38.1000 137906.
2006 2001 8 25 21 45 38.3000 137595.
2007 2001 8 25 21 45 38.5000 137768.
2008 2001 8 25 21 45 38.7000 137593.
2009 2001 8 25 21 45 38.9000 137671.
2010 2001 8 25 21 45 39.1000 137346.
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2011 2001 8 25 2145 39.3000 137661.
2012 2001 8 25 21 45 39.5000 137609.
2013 2001 8 25 21 45 39.7000 137426.
2014 2001 8 25 21 45 39.9000 137697.
2015 2001 8 25 2145 40.1000 137710.
2016 2001 8 25 21 45 40.3000 137549.
2017 2001 8 25 21 45 40.5000 137699.
2018 2001 8 25 21 45 40.7000 137669.
2019 2001 8 25 21 45 40.9000 137645.
2020 2001 8 25 21 45 41.1000 137563.
2021 2001 8 25 21 45 41.3000 137567.
2022 2001 8 25 21 45 41.5000 137491.
2023 2001 8 25 21 45 41.7000 137662.
2024 2001 8 25 21 45 41.9000 137488.
2025 2001 8 25 21 45 42.1000 137497.
2026 2001 8 25 21 45 42.3000 137628.
2027 2001 8 25 21 45 42.5000 137627.
2028 2001 8 25 21 45 42.7000 137489.
2029 2001 8 25 21 45 42.9000 137541.
2030 2001 8 25 21 45 43.1000 137540.
2031 2001 8 25 21 45 43.3000 137655.
2032 2001 8 25 21 45 43.5000 137723.
2033 2001 8 25 21 45 43.7000 137497.
2034 2001 8 25 21 45 43.9000 137582.
2035 2001 8 25 2145 44.1000 137513.
2036 2001 8 25 21 45 44.3000 137755.
2037 2001 8 25 21 45 44.5000 137563.
2038 2001 8 25 21 45 44.7000 137708.
2039 2001 8 25 21 45 44.9000 137432.
2040 2001 8 25 21 45 45.1000 137666.
2041 2001 8 25 21 45 45.3000 137530.
2042 2001 8 25 21 45 45.5000 137879.
2043 2001 8 25 21 45 45.7000 137501.
2044 2001 8 25 21 45 45.9000 137329.
2045 2001 8 25 21 45 46.1000 137172.
2046 2001 8 25 21 45 46.3000 137711.
2047 2001 8 25 21 45 46.5000 137681.
2048 2001 8 25 21 45 46.7000 137801.
2049 2001 8 25 21 45 46.9000 137704.
2050 2001 8 25 21 45 47.1000 137638.
2051 2001 8 25 21 45 47.3000 137616.
2052 2001 8 25 21 45 47.5000 137578.
2053 2001 8 25 21 45 47.7000 137609.
2054 2001 8 25 21 45 47.9000 137970.
2055 2001 8 25 21 45 48.1000 137659.
2056 2001 8 25 21 45 48.3000 137562.
2057 2001 8 25 21 45 48.5000 137433.
2058 2001 8 25 21 45 48.7000 137558.
2059 2001 8 25 21 45 48.9000 137931.
2060 2001 8 25 21 45 49.1000 137943.
2061 2001 8 25 21 45 49.3000 137816.
2062 2001 8 25 21 45 49.5000 137595.
2063 2001 8 25 21 45 49.7000 137658.
2064 2001 8 25 21 45 49.9000 137943.
2065 2001 8 25 21 45 50.1000 137753.
2066 2001 8 25 21 45 50.3000 137709.
2067 2001 8 25 21 45 50.5000 137728.
2068 2001 8 25 21 45 50.7000 137705.
2069 2001 8 25 21 45 50.9000 137683.
2070 2001 8 25 21 45 51.1000 137808.
2071 2001 8 25 21 45 51.3000 137518.
2072 2001 8 25 21 45 51.5000 137714.
2073 2001 8 25 21 45 51.7000 137636.
2074 2001 8 25 21 45 51.9000 137483.
2075 2001 8 25 21 45 52.1000 137445.
2076 2001 8 25 21 45 52.3000 137761.
2077 2001 8 25 21 45 52.5000 137832.
2078 2001 8 25 21 45 52.7000 137728.
2079 2001 8 25 21 45 52.9000 137489.
2080 2001 8 25 21 45 53.1000 137626.
2081 2001 8 25 21 45 53.3000 137443.
2082 2001 8 25 21 45 53.5000 137705.
2083 2001 8 25 21 45 53.7000 137635.
2084 2001 8 25 21 45 53.9000 137757.
2085 2001 8 25 21 45 54.1000 137664.
2086 2001 8 25 21 45 54.3000 137592.
2087 2001 8 25 21 45 54.5000 137555.
2088 2001 8 25 21 45 54.7000 137708.
2089 2001 8 25 21 45 54.9000 137564.
2090 2001 8 25 21 45 55.1000 137548.
2091 2001 8 25 21 45 55.3000 137661.
2092 2001 8 25 21 45 55.5000 137704.
2093 2001 8 25 21 45 55.7000 137461.
2094 2001 8 25 21 45 55.9000 137661.
2095 2001 8 25 21 45 56.1000 137575.
2096 2001 8 25 21 45 56.3000 137630.
2097 2001 8 25 21 45 56.5000 137487.
2098 2001 8 25 21 45 56.7000 137600.
2099 2001 8 25 21 45 56.9000 137676.
2100 2001 8 25 21 45 57.1000 137693.
2101 2001 8 25 21 45 57.3000 137528.
2102 2001 8 25 21 45 57.5000 137585.
2103 2001 8 25 21 45 57.7000 137464.
2104 2001 8 25 21 45 57.9000 137561.
2105 2001 8 25 21 45 58.1000 137453.
2106 2001 8 25 21 45 58.3000 137469.
2107 2001 8 25 21 45 58.5000 137820.
2108 2001 8 25 21 45 58.7000 137640.
2109 2001 8 25 21 45 58.9000 137646.
2110 2001 8 25 21 45 59.1000 137654.
2111 2001 8 25 21 45 59.3000 137697.
2112 2001 8 25 21 45 59.5000 137657.
2113 2001 8 25 21 45 59.7000 137393.
2114 2001 8 25 21 45 59.9000 137849.
2115 2001 8 25 21 46 00.1000 137615.
2116 2001 8 25 2146 00.3000 137448.
2117 2001 8 25 21 46 00.5000 137704.
2118 2001 8 25 21 46 00.7000 137664.
2119 2001 8 25 21 46 00.9000 137485.
2120 2001 8 25 21 46 01.1000 137687.
2121 2001 8 25 21 46 01.3000 137446.
2122 2001 8 25 21 46 01.5000 137735.
2123 2001 8 25 21 46 01.7000 137690.
2124 2001 8 25 21 46 01.9000 137612.
2125 2001 8 25 21 46 02.1000 137836.
2126 2001 8 25 21 46 02.3000 137925.
2127 2001 8 25 21 46 02.5000 137719.
2128 2001 8 25 21 46 02.7000 137759.
2129 2001 8 25 21 46 02.9000 137574.
2130 2001 8 25 21 46 03.1000 137796.
2131 2001 8 25 21 46 03.3000 137681.
2132 2001 8 25 21 46 03.5000 137554.
2133 2001 8 25 21 46 03.7000 137604.
2134 2001 8 25 21 46 03.9000 137549.
2135 2001 8 25 21 46 04.1000 137345.
2136 2001 8 25 21 46 04.3000 137626.
2137 2001 8 25 21 46 04.5000 137485.
2138 2001 8 25 21 46 04.7000 137642.
2139 2001 8 25 21 46 04.9000 137720.
2140 2001 8 25 21 46 05.1000 137396.
2141 2001 8 25 21 46 05.3000 137588.
2142 2001 8 25 21 46 05.5000 137400.
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2143 2001 8 25 21 46 05.7000 137621.
2144 2001 8 25 21 46 05.9000 137625.
2145 2001 8 25 21 46 06.1000 137207.
2146 2001 8 25 21 46 06.3000 137445.
2147 2001 8 25 21 46 06.5000 137777.
2148 2001 8 25 21 46 06.7000 137370.
2149 2001 8 25 21 46 06.9000 137596.
2150 2001 8 25 21 46 07.1000 137427.
2151 2001 8 25 21 46 07.3000 137542.
2152 2001 8 25 21 46 07.5000 137652.
2153 2001 8 25 21 46 07.7000 137642.
2154 2001 8 25 21 46 07.9000 137823.
2155 2001 8 25 21 46 08.1000 137605.
2156 2001 8 25 21 46 08.3000 137583.
2157 2001 8 25 21 46 08.5000 137389.
2158 2001 8 25 21 46 08.7000 137712.
2159 2001 8 25 21 46 08.9000 137604.
2160 2001 8 25 21 46 09.1000 137403.
2161 2001 8 25 21 46 09.3000 137440.
2162 2001 8 25 21 46 09.5000 137541.
2163 2001 8 25 21 46 09.7000 137444.
2164 2001 8 25 21 46 09.9000 137504.
2165 2001 8 25 21 46 10.1000 137452.
2166 2001 8 25 21 46 10.3000 137769.
2167 2001 8 25 21 46 10.5000 137567.
2168 2001 8 25 21 46 10.7000 137745.
2169 2001 8 25 21 46 10.9000 137503.
2170 2001 8 25 21 46 11.1000 137444.
2171 2001 8 25 21 46 11.3000 137384.
2172 2001 8 25 21 46 11.5000 137619.
2173 2001 8 25 2146 11.7000 137569.
2174 2001 8 25 21 46 11.9000 137468.
2175 2001 8 25 21 46 12.1000 137570.
2176 2001 8 25 21 46 12.3000 137545.
2177 2001 8 25 21 46 12.5000 137490.
2178 2001 8 25 21 46 12.7000 137516.
2179 2001 8 25 21 46 12.9000 137530.
2180 2001 8 25 21 46 13.1000 137350.
2181 2001 8 25 21 46 13.3000 137426.
2182 2001 8 25 21 46 13.5000 137572.
2183 2001 8 25 21 46 13.7000 137635.
2184 2001 8 25 21 46 13.9000 137602.
2185 2001 8 25 21 46 14.1000 137507.
2186 2001 8 25 21 46 14.3000 137420.
2187 2001 8 25 21 46 14.5000 137612.
2188 2001 8 25 21 46 14.7000 137425.
2189 2001 8 25 21 46 14.9000 137577.
2190 2001 8 25 21 46 15.1000 137550.
2191 2001 8 25 21 46 15.3000 137413.
2192 2001 8 25 21 46 15.5000 137517.
2193 2001 8 25 21 46 15.7000 137836.
2194 2001 8 25 21 46 15.9000 137457.
2195 2001 8 25 21 46 16.1000 137884.
2196 2001 8 25 21 46 16.3000 137502.
2197 2001 8 25 21 46 16.5000 137479.
2198 2001 8 25 21 46 16.7000 137811.
2199 2001 8 25 21 46 16.9000 137432.
2200 2001 8 25 21 46 17.1000 137673.
2201 2001 8 25 21 46 17.3000 137483.
2202 2001 8 25 21 46 17.5000 137507.
2203 2001 8 25 21 46 17.7000 137459.
2204 2001 8 25 21 46 17.9000 137667.
2205 2001 8 25 21 46 18.1000 137489.
2206 2001 8 25 21 46 18.3000 137704.
2207 2001 8 25 21 46 18.5000 137728.
2208 2001 8 25 21 46 18.7000 137290.
2209 2001 8 25 21 46 18.9000 137527.
2210 2001 8 25 21 46 19.1000 137533.
2211 2001 8 25 21 46 19.3000 137342.
2212 2001 8 25 21 46 19.5000 137374.
2213 2001 8 25 21 46 19.7000 137310.
2214 2001 8 25 21 46 19.9000 137725.
2215 2001 8 25 21 46 20.1000 137466.
2216 2001 8 25 21 46 20.3000 137734.
2217 2001 8 25 21 46 20.5000 137417.
2218 2001 8 25 21 46 20.7000 137544.
2219 2001 8 25 21 46 20.9000 137085.
2220 2001 8 25 21 46 21.1000 137413.
2221 2001 8 25 21 46 21.3000 137027.
2222 2001 8 25 21 46 21.5000 137269.
2223 2001 8 25 21 46 21.7000 137153.
2224 2001 8 25 21 46 21.9000 137079.
2225 2001 8 25 21 46 22.1000 137121.
2226 2001 8 25 21 46 22.3000 136996.
2227 2001 8 25 21 46 22.5000 137088.
2228 2001 8 25 21 46 22.7000 136953.
2229 2001 8 25 21 46 22.9000 136789.
2230 2001 8 25 21 46 23.1000 136624.
2231 2001 8 25 21 46 23.3000 136522.
2232 2001 8 25 21 46 23.5000 136498.
2233 2001 8 25 21 46 23.7000 136232.
2234 2001 8 25 21 46 23.9000 136175.
2235 2001 8 25 21 46 24.1000 136194.
2236 2001 8 25 21 46 24.3000 135996.
2237 2001 8 25 21 46 24.5000 135668.
2238 2001 8 25 21 46 24.7000 135664.
2239 2001 8 25 21 46 24.9000 135446.
2240 2001 8 25 21 46 25.1000 135097.
2241 2001 8 25 21 46 25.3000 134902.
2242 2001 8 25 21 46 25.5000 134396.
2243 2001 8 25 21 46 25.7000 134665.
2244 2001 8 25 21 46 25.9000 134218.
2245 2001 8 25 21 46 26.1000 134396.
2246 2001 8 25 21 46 26.3000 134155.
2247 2001 8 25 21 46 26.5000 134062.
2248 2001 8 25 21 46 26.7000 133707.
2249 2001 8 25 21 46 26.9000 133445.
2250 2001 8 25 21 46 27.1000 133412.
2251 2001 8 25 21 46 27.3000 133250.
2252 2001 8 25 21 46 27.5000 132967.
2253 2001 8 25 21 46 27.7000 132838.
2254 2001 8 25 21 46 27.9000 132777.
2255 2001 8 25 21 46 28.1000 132659.
2256 2001 8 25 21 46 28.3000 132668.
2257 2001 8 25 21 46 28.5000 132159.
2258 2001 8 25 21 46 28.7000 132776.
2259 2001 8 25 21 46 28.9000 132391.
2260 2001 8 25 21 46 29.1000 132192.
2261 2001 8 25 21 46 29.3000 132029.
2262 2001 8 25 21 46 29.5000 131905.
2263 2001 8 25 21 46 29.7000 132005.
2264 2001 8 25 21 46 29.9000 131934.
2265 2001 8 25 21 46 30.1000 131602.
2266 2001 8 25 21 46 30.3000 131691.
2267 2001 8 25 21 46 30.5000 131425.
2268 2001 8 25 21 46 30.7000 131635.
2269 2001 8 25 21 46 30.9000 131715.
2270 2001 8 25 21 46 31.1000 131490.
2271 2001 8 25 21 46 31.3000 131470.
2272 2001 8 25 21 46 31.5000 131396.
2273 2001 8 25 21 46 31.7000 131407.
2274 2001 8 25 21 46 31.9000 131226.
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2275 2001 8 25 21 46 32.1000 131189.
2276 2001 8 25 21 46 32.3000 130903.
2277 2001 8 25 21 46 32.5000 131294.
2278 2001 8 25 21 46 32.7000 131109.
2279 2001 8 25 21 46 32.9000 131015.
2280 2001 8 25 21 46 33.1000 131168.
2281 2001 8 25 21 46 33.3000 131046.
2282 2001 8 25 21 46 33.5000 130954.
2283 2001 8 25 21 46 33.7000 131000.
2284 2001 8 25 21 46 33.9000 130744.
2285 2001 8 25 21 46 34.1000 130971.
2286 2001 8 25 21 46 34.3000 131025.
2287 2001 8 25 21 46 34.5000 130898.
2288 2001 8 25 21 46 34.7000 130931.
2289 2001 8 25 21 46 34.9000 131102.
2290 2001 8 25 21 46 35.1000 130927.
2291 2001 8 25 21 46 35.3000 130923.
2292 2001 8 25 21 46 35.5000 130793.
2293 2001 8 25 21 46 35.7000 130691.
2294 2001 8 25 21 46 35.9000 130497.
2295 2001 8 25 21 46 36.1000 130462.
2296 2001 8 25 21 46 36.3000 130580.
2297 2001 8 25 21 46 36.5000 130504.
2298 2001 8 25 21 46 36.7000 130557.
2299 2001 8 25 21 46 36.9000 130469.
2300 2001 8 25 21 46 37.1000 130423.
2301 2001 8 25 21 46 37.3000 130446.
2302 2001 8 25 21 46 37.5000 130536.
2303 2001 8 25 21 46 37.7000 130656.
2304 2001 8 25 21 46 37.9000 130723.
2305 2001 8 25 21 46 38.1000 130674.
2306 2001 8 25 21 46 38.3000 130828.
2307 2001 8 25 21 46 38.5000 130607.
2308 2001 8 25 21 46 38.7000 130697.
2309 2001 8 25 21 46 38.9000 130820.
2310 2001 8 25 21 46 39.1000 130632.
2311 2001 8 25 21 46 39.3000 130407.
2312 2001 8 25 21 46 39.5000 130491.
2313 2001 8 25 21 46 39.7000 130384.
2314 2001 8 25 21 46 39.9000 130456.
2315 2001 8 25 21 46 40.1000 130299.
2316 2001 8 25 21 46 40.3000 130498.
2317 2001 8 25 21 46 40.5000 130322.
2318 2001 8 25 21 46 40.7000 130531.
2319 2001 8 25 21 46 40.9000 130212.
2320 2001 8 25 21 46 41.1000 130571.
2321 2001 8 25 21 46 41.3000 130254.
2322 2001 8 25 21 46 41.5000 130476.
2323 2001 8 25 21 46 41.7000 130368.
2324 2001 8 25 21 46 41.9000 130447.
2325 2001 8 25 21 46 42.1000 130638.
2326 2001 8 25 21 46 42.3000 130409.
2327 2001 8 25 21 46 42.5000 130407.
2328 2001 8 25 21 46 42.7000 130529.
2329 2001 8 25 21 46 42.9000 130352.
2330 2001 8 25 21 46 43.1000 130608.
2331 2001 8 25 21 46 43.3000 130370.
2332 2001 8 25 21 46 43.5000 130479.
2333 2001 8 25 21 46 43.7000 130355.
2334 2001 8 25 21 46 43.9000 130472.
2335 2001 8 25 21 46 44.1000 130600.
2336 2001 8 25 21 46 44.3000 130566.
2337 2001 8 25 21 46 44.5000 130472.
2338 2001 8 25 21 46 44.7000 130484.
2339 2001 8 25 21 46 44.9000 130206.
2340 2001 8 25 21 46 45.1000 130537.
2341 2001 8 25 21 46 45.3000 130453.
2342 2001 8 25 21 46 45.5000 130542.
2343 2001 8 25 21 46 45.7000 130454.
2344 2001 8 25 21 46 45.9000 130532.
2345 2001 8 25 21 46 46.1000 130293.
2346 2001 8 25 21 46 46.3000 130299.
2347 2001 8 25 21 46 46.5000 130299.
2348 2001 8 25 21 46 46.7000 130133.
2349 2001 8 25 21 46 46.9000 130155.
2350 2001 8 25 21 46 47.1000 130316.
2351 2001 8 25 21 46 47.3000 130189.
2352 2001 8 25 21 46 47.5000 130184.
2353 2001 8 25 21 46 47.7000 130197.
2354 2001 8 25 21 46 47.9000 130226.
2355 2001 8 25 21 46 48.1000 130061.
2356 2001 8 25 21 46 48.3000 130250.
2357 2001 8 25 21 46 48.5000 130111.
2358 2001 8 25 21 46 48.7000 130301.
2359 2001 8 25 21 46 48.9000 130364.
2360 2001 8 25 21 46 49.1000 130224.
2361 2001 8 25 21 46 49.3000 130301.
2362 2001 8 25 21 46 49.5000 130443.
2363 2001 8 25 21 46 49.7000 130294.
2364 2001 8 25 21 46 49.9000 130332.
2365 2001 8 25 21 46 50.1000 130482.
2366 2001 8 25 21 46 50.3000 130317.
2367 2001 8 25 21 46 50.5000 130163.
2368 2001 8 25 21 46 50.7000 130339.
2369 2001 8 25 21 46 50.9000 130206.
2370 2001 8 25 21 46 51.1000 130289.
2371 2001 8 25 21 46 51.3000 130507.
2372 2001 8 25 21 46 51.5000 130546.
2373 2001 8 25 21 46 51.7000 130335.
2374 2001 8 25 21 46 51.9000 130413.
2375 2001 8 25 21 46 52.1000 130094.
2376 2001 8 25 21 46 52.3000 130168.
2377 2001 8 25 21 46 52.5000 130221.
2378 2001 8 25 21 46 52.7000 130201.
2379 2001 8 25 21 46 52.9000 130266.
2380 2001 8 25 21 46 53.1000 130086.
2381 2001 8 25 21 46 53.3000 130426.
2382 2001 8 25 21 46 53.5000 130240.
2383 2001 8 25 21 46 53.7000 130307.
2384 2001 8 25 21 46 53.9000 130125.
2385 2001 8 25 21 46 54.1000 130172.
2386 2001 8 25 21 46 54.3000 130308.
2387 2001 8 25 21 46 54.5000 130355.
2388 2001 8 25 21 46 54.7000 130310.
2389 2001 8 25 21 46 54.9000 130227.
2390 2001 8 25 21 46 55.1000 130267.
2391 2001 8 25 21 46 55.3000 130310.
2392 2001 8 25 21 46 55.5000 130267.
2393 2001 8 25 21 46 55.7000 130347.
2394 2001 8 25 21 46 55.9000 130175.
2395 2001 8 25 21 46 56.1000 130342.
2396 2001 8 25 21 46 56.3000 130020.
2397 2001 8 25 21 46 56.5000 130232.
2398 2001 8 25 21 46 56.7000 130164.
2399 2001 8 25 21 46 56.9000 130341.
2400 2001 8 25 21 46 57.1000 130287.
2401 2001 8 25 21 46 57.3000 130170.
2402 2001 8 25 21 46 57.5000 130296.
2403 2001 8 25 21 46 57.7000 130074.
2404 2001 8 25 21 46 57.9000 130286.
2405 2001 8 25 21 46 58.1000 130257.
2406 2001 8 25 21 46 58.3000 130296.
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2407 2001 8 25 21 46 58.5000 130326.
2408 2001 8 25 2146 58.7000 130511.
2409 2001 8 25 2146 58.9000 130234.
2410 2001 8 25 21 46 59.1000 130415.
2411 2001 8 25 21 46 59.3000 130027.
2412 2001 8 25 21 46 59.5000 130242.
2413 2001 8 25 21 46 59.7000 130390.
2414 2001 8 25 21 46 59.9000 130243.
2415 2001 8 25 21 47 00.1000 130401.
2416 2001 8 25 21 47 00.3000 130281.
2417 2001 8 25 21 47 00.5000 130176.
2418 2001 8 25 21 47 00.7000 130297.
2419 2001 8 25 21 47 00.9000 130296.
2420 2001 8 25 21 47 01.1000 130230.
2421 2001 82521 4701.3000 130331.
2422 2001 8 25 21 47 01.5000 130333.
2423 2001 825214701.7000 130114.
2424 2001 8 25 21 47 01.9000 130167.
2425 2001 8 25 21 47 02.1000 130189.
2426 2001 8 25 21 47 02.3000 130339.
2427 2001 8 25 21 47 02.5000 130285.
2428 2001 8 25 21 47 02.7000 130104.
2429 2001 8 25 21 47 02.9000 130343.
2430 2001 8 25 21 47 03.1000 130183.
2431 2001 8 25 21 47 03.3000 130345.
2432 2001 8 25 2147 03.5000 130190.
2433 2001 8 25 21 47 03.7000 130269.
2434 2001 8 25 21 47 03.9000 130105.
2435 2001 8252147 04.1000 130156.
2436 2001 8 25 21 47 04.3000 130326.
2437 2001 8 25 21 47 04.5000 130351.
2438 2001 8 25 21 47 04.7000 130251.
2439 2001 8 25 21 47 04.9000 130160.
2440 2001 8 25 21 47 05.1000 130450.
2441 2001 8 25 21 47 05.3000 130349.
2442 2001 8 25 21 47 05.5000 130326.
2443 2001 8 25 21 47 05.7000 130008.
2444 2001 8 25 21 47 05.9000 130239.
2445 2001 8 25 2147 06.1000 130313.
2446 2001 8 25 21 47 06.3000 130170.
2447 2001 8 25 21 47 06.5000 130213.
2448 2001 8 25 21 47 06.7000 130303.
2449 2001 8 25 21 47 06.9000 130131.
2450 2001 8 25 21 47 07.1000 130227.
2451 2001 8 25 21 47 07.3000 130337.
2452 2001 8 25 21 47 07.5000 130359.
2453 2001 8 25 21 47 07.7000 130305.
2454 2001 8 25 21 47 07.9000 130288.
2455 2001 8 25 21 47 08.1000 130097.
2456 2001 8 25 21 47 08.3000 130301.
2457 2001 8 25 21 47 08.5000 130376.
2458 2001 8 25 21 47 08.7000 130229.
2459 2001 8 25 21 47 08.9000 130312.
2460 2001 8 25 21 47 09.1000 130263.
2461 2001 82521 4709.3000 130221.
2462 2001 8 25 21 47 09.5000 130261.
2463 2001 8 25 21 47 09.7000 130225.
2464 2001 8 25 21 47 09.9000 130197.
2465 2001 82521 47 10.1000 130410.
2466 2001 82521 47 10.3000 130436.
2467 2001 82521 47 10.5000 130227.
2468 2001 82521 47 10.7000 130327.
2469 2001 82521 47 10.9000 130250.
2470 2001 82521 47 11.1000 130305.
2471 2001 82521 47 11.3000 130252.
2472 2001 82521 47 11.5000 130266.
2473 2001 8 25 21 47 11.7000 130366.
2474 2001 8 25 21 47 11.9000 130387.
2475 2001 82521 47 12.1000 130314.
2476 2001 82521 47 12.3000 130119.
2477 2001 82521 47 12.5000 130381.
2478 2001 8 25 21 47 12.7000 130388.
2479 2001 8 25 21 47 12.9000 130433.
2480 2001 82521 47 13.1000 130328.
2481 2001 8 25 21 47 13.3000 130273.
2482 2001 8 25 21 47 13.5000 130306.
2483 2001 8 25 21 47 13.7000 130361.
2484 2001 8 25 21 47 13.9000 130318.
2485 2001 8 25 21 47 14.1000 130442.
2486 2001 8 25 21 47 14.3000 130152.
2487 2001 8 25 21 47 14.5000 130222.
2488 2001 8 25 21 47 14.7000 130517.
2489 2001 8 25 21 47 14.9000 130264.
2490 2001 8 25 21 47 15.1000 130304.
2491 2001 8 25 21 47 15.3000 130466.
2492 2001 8 25 21 47 15.5000 130267.
2493 2001 8 25 21 47 15.7000 130313.
2494 2001 8 25 21 47 15.9000 130341.
2495 2001 8 25 21 47 16.1000 130403.
2496 2001 8 25 21 47 16.3000 130336.
2497 2001 8 25 21 47 16.5000 130322.
2498 2001 8 25 21 47 16.7000 130245.
2499 2001 8 25 21 47 16.9000 130265.
2500 2001 82521 47 17.1000 130237.
2501 2001 8 25 21 47 17.3000 130276.
2502 2001 8 25 21 47 17.5000 130247.
2503 2001 8 25 21 47 17.7000 130481.
2504 2001 8 25 21 47 17.9000 130207.
2505 2001 82521 47 18.1000 130542.
2506 2001 8 25 21 47 18.3000 130085.
2507 2001 8 25 21 47 18.5000 130712.
2508 2001 8 25 21 47 18.7000 130485.
.2509 2001 8 25 21 47 18.9000 130370.
2510 2001 8 25 21 47 19.1000 130399.
2511 2001 8 25 21 47 19.3000 130288.
2512 2001 8 25 21 47 19.5000 130212.
2513 2001 8 25 21 47 19.7000 130244.
2514 2001 8 25 21 47 19.9000 130200.
2515 2001 8 25 21 47 20.1000 130226.
2516 2001 8 25 21 47 20.3000 130560.
2517 2001 8 25 21 47 20.5000 130351.
2518 2001 8 25 21 47 20.7000 130468.
2519 2001 8 25 2147 20.9000 130463.
2520 2001 825214721.1000 130343.
2521 2001 8 25 2147 21.3000 130514.
2522 2001 82521 4721.5000 130510.
2523 2001 8 25 21 47 21.7000 130216.
2524 2001 8 25 2147 21.9000 130368.
2525 2001 8 25 21 47 22.1000 130292.
2526 2001 8 25 21 47 22.3000 130206.
2527 2001 8 25 21 47 22.5000 130334.
2528 2001 8 25 21 47 22.7000 130497.
2529 2001 8 25 21 47 22.9000 130233.
2530 2001 82521 4723.1000 130504.
2531 2001 8 25 21 47 23.3000 130486.
2532 2001 8 25 21 47 23.5000 130450.
2533 2001 8 25 21 47 23.7000 130282.
2534 2001 8 25 21 47 23.9000 130388.
2535 2001 82521 4724.1000 130166.
2536 2001 8 25 21 47 24.3000 130426.
2537 2001 8 25 21 47 24.5000 130233.
2538 2001 8 25 21 47 24.7000 130312.
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2539 2001 8 25 21 47 24.9000 130539.
2540 2001 8 25 21 47 25.1000 130372.
2541 2001 8 25 21 47 25.3000 130419.
2542 2001 8 25 21 47 25.5000 130354.
2543 2001 8 25 21 47 25.7000 130396.
2544 2001 8 25 21 47 25.9000 130522.
2545 2001 8 25 21 47 26.1000 130320.
2546 2001 8 25 21 47 26.3000 130703.
2547 2001 8 25 21 47 26.5000 130487.
2548 2001 8 25 21 47 26.7000 130577.
2549 2001 8 25 21 47 26.9000 130773.
2550 2001 8 25 21 47 27.1000 130793.
2551 2001 8 25 21 47 27.3000 130586.
2552 2001 8 25 21 47 27.5000 130629.
2553 2001 8 25 21 47 27.7000 130672.
2554 2001 8 25 21 47 27.9000 130589.
2555 2001 8 25 21 47 28.1000 130861.
2556 2001 8 25 21 47 28.3000 130778.
2557 2001 8 25 21 47 28.5000 130488.
2558 2001 8 25 21 47 28.7000 130760.
2559 2001 8 25 21 47 28.9000 130643.
2560 2001 8 25 21 47 29.1000 130680.
2561 2001 8 25 21 47 29.3000 130737.
2562 2001 8 25 21 47 29.5000 130945.
2563 2001 8 25 21 47 29.7000 130683.
2564 2001 8 25 21 47 29.9000 130531.
2565 2001 8 25 21 47 30.1000 130864.
2566 2001 8 25 21 47 30.3000 130661.
2567 2001 8 25 21 47 30.5000 130736.
2568 2001 8 25 21 47 30.7000 130899.
2569 2001 8 25 21 47 30.9000 130824.
2570 2001 8 25 21 47 31.1000 130685.
2571 2001 8 25 21 47 31.3000 130651.
2572 2001 8 25 21 47 31.5000 130744.
2573 2001 8 25 21 47 31.7000 130880.
2574 2001 8 25 21 47 31.9000 130754.
2575 2001 8 25 21 47 32.1000 130740.
2576 2001 8 25 21 47 32.3000 131064.
2577 2001 8 25 21 47 32.5000 131083.
2578 2001 8 25 21 47 32.7000 131128.
2579 2001 8 25 21 47 32.9000 130819.
2580 2001 8 25 21 47 33.1000 130940.
2581 2001 8 25 21 47 33.3000 130896.
2582 2001 8 25 21 47 33.5000 130900.
2583 2001 8 25 21 47 33.7000 131145.
2584 2001 8 25 21 47 33.9000 130959.
2585 2001 8 25 21 47 34.1000 131255.
2586 2001 8 25 21 47 34.3000 131189.
2587 2001 8 25 21 47 34.5000 131256.
2588 2001 8 25 21 47 34.7000 131390.
2589 2001 8 25 21 47 34.9000 131605.
2590 2001 8 25 21 47 35.1000 131215.
2591 2001 8 25 21 47 35.3000 131281.
2592 2001 8 25 21 47 35.5000 131393.
2593 2001 8 25 21 47 35.7000 131614.
2594 2001 8 25 21 47 35.9000 131740.
2595 2001 8 25 21 47 36.1000 131618.
2596 2001 8 25 21 47 36.3000 131695.
2597 2001 8 25 21 47 36.5000 131604.
2598 2001 8 25 21 47 36.7000 131748.
2599 2001 8 25 21 47 36.9000 131810.
2600 2001 8 25 21 47 37.1000 132117.
2601 2001 8 25 21 47 37.3000 131863.
2602 2001 8 25 21 47 37.5000 132134.
2603 2001 8 25 21 47 37.7000 132151.
2604 2001 8 25 21 47 37.9000 132538.
2605 2001 8 25 21 47 38.1000 132320.
2606 2001 8 25 21 47 38.3000 132348.
2607 2001 8 25 21 47 38.5000 132586.
2608 2001 8 25 21 47 38.7000 132572.
2609 2001 8 25 21 47 38.9000 132878.
2610 2001 8 25 21 47 39.1000 133028.
2611 2001 8 25 21 47 39.3000 133141.
2612 2001 8 25 21 47 39.5000 133447.
2613 2001 8 25 21 47 39.7000 133397.
2614 2001 8 25 21 47 39.9000 133505.
2615 2001 8 25 21 47 40.1000 133471.
2616 2001 8 25 21 47 40.3000 133776.
2617 2001 8 25 21 47 40.5000 133897.
2618 2001 8 25 21 47 40.7000 133979.
2619 2001 8 25 21 47 40.9000 134441.
2620 2001 8 25 21 47 41.1000 134405.
2621 2001 8 25 21 47 41.3000 134377.
2622 2001 8 25 21 47 41.5000 134907.
2623 2001 8 25 21 47 41.7000 135059.
2624 2001 8 25 21 47 41.9000 135338.
2625 2001 8 25 21 47 42.1000 135485.
2626 2001 8 25 21 47 42.3000 135574.
2627 2001 8 25 21 47 42.5000 135378.
2628 2001 8 25 21 47 42.7000 135702.
2629 2001 8 25 21 47 42.9000 136057.
2630 2001 8 25 21 47 43.1000 136044.
2631 2001 8 25 21 47 43.3000 136403.
2632 2001 8 25 21 47 43.5000 136457.
2633 2001 8 25 21 47 43.7000 136517.
2634 2001 8 25 21 47 43.9000 136784.
2635 2001 8 25 21 47 44.1000 136695.
2636 2001 8 25 21 47 44.3000 136500.
2637 2001 8 25 21 47 44.5000 137064.
2638 2001 8 25 21 47 44.7000 136959.
2639 2001 8 25 21 47 44.9000 137264.
2640 2001 8 25 21 47 45.1000 137159.
2641 2001 8 25 21 47 45.3000 137158.
2642 2001 8 25 21 47 45.5000 137091.
2643 2001 8 25 21 47 45.7000 137376.
2644 2001 8 25 21 47 45.9000 137169.
2645 2001 8 25 21 47 46.1000 137455.
2646 2001 8 25 21 47 46.3000 137244.
2647 2001 8 25 21 47 46.5000 137186.
2648 2001 8 25 21 47 46.7000 137433.
2649 2001 8 25 21 47 46.9000 137172.
2650 2001 8 25 21 47 47.1000 137309.
2651 2001 8 25 21 47 47.3000 137654.
2652 2001 8 25 21 47 47.5000 137229.
2653 2001 8 25 21 47 47.7000 137399.
2654 2001 8 25 21 47 47.9000 137566.
2655 2001 8 25 21 47 48.1000 137552.
2656 2001 8 25 21 47 48.3000 137401.
2657 2001 8 25 21 47 48.5000 137762.
2658 2001 8 25 21 47 48.7000 137529.
2659 2001 8 25 21 47 48.9000 137552.
2660 2001 8 25 21 47 49.1000 137323.
2661 2001 8 25 21 47 49.3000 137736.
2662 2001 8 25 21 47 49.5000 137652.
2663 2001 8 25 21 47 49.7000 137675.
2664 2001 8 25 21 47 49.9000 137776.
2665 2001 8 25 21 47 50.1000 137317.
2666 2001 8 25 21 47 50.3000 137637.
2667 2001 8 25 21 47 50.5000 137460.
2668 2001 8 25 21 47 50.7000 137505.
2669 2001 8 25 21 47 50.9000 137509.
2670 2001 8 25 21 47 51.1000 137414.
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2671 2001 8 25 21 47 51.3000 137555.
2672 2001 8 25 2147 51.5000 137535.
2673 2001 8 25 21 47 51.7000 137450.
2674 2001 8 25 21 47 51.9000 137429.
2675 2001 8 25 21 47 52.1000 137408.
2676 2001 8 25 21 47 52.3000 137556.
2677 2001 8 25 21 47 52.5000 137550.
2678 2001 8 25 21 47 52.7000 137707.
2679 2001 8 25 2147 52.9000 137616.
2680 2001 82521 4753.1000 137561.
2681 2001 8 25 2147 53.3000 137441.
2682 2001 8 25 21 47 53.5000 137700.
2683 2001 825 214753.7000 137631.
2684 2001 8 25 21 47 53.9000 137638.
2685 2001 8 25 21 47 54.1000 137730.
2686 2001 8 25 21 47 54.3000 137602.
2687 2001 8 25 21 47 54.5000 137705.
2688 2001 8 25 21 47 54.7000 137803.
2689 2001 8 25 21 47 54.9000 137649.
2690 2001 8 25 21 47 55.1000 137359.
2691 2001 8 25 21 47 55.3000 137826.
2692 2001 8 25 21 47 55.5000 137453.
2693 2001 8 25 21 47 55.7000 137698.
2694 2001 8 25 21 47 55.9000 137543.
2695 2001 825 21 4756.1000 137765.
2696 2001 8 25 21 47 56.3000 137599.
2697 2001 8 25 21 47 56.5000 137621.
2698 2001 8 25 21 47 56.7000 137712.
2699 2001 8 25 21 47 56.9000 137378.
2700 2001 8 25 21 47 57.1000 137818.
2701 2001 8 25 2147 57.3000 137653.
2702 2001 8 25 21 47 57.5000 137767.
2703 2001 8 25 21 47 57.7000 137426.
2704 2001 8 25 21 47 57.9000 137590.
2705 2001 8 25 21 47 58.1000 137433.
2706 2001 8 25 21 47 58.3000 137639.
2707 2001 8 25 21 47 58.5000 137598.
2708 2001 8 25 21 47 58.7000 137840.
2709 2001 8 25 21 47 58.9000 137440.
2710 2001 8 25 21 47 59.1000 137442.
2711 2001 8 25 21 47 59.3000 137697.
2712 2001 8 25 21 47 59.5000 137560.
2713 2001 8 25 21 47 59.7000 137229.
2714 2001 8 25 21 47 59.9000 137825.
2715 2001 8 25 2148 00.1000 137327.
2716 2001 8 25 21 48 00.3000 137492.
2717 2001 825214800.5000 137670.
2718 2001 8 25 21 48 00.7000 137480.
2719 2001 8 25 21 48 00.9000 137416.
2720 2001 8252214801.1000 137301.
2721 2001 82521 4801.3000 137413.
2722 2001 8 25 21 48 01.5000 137437.
2723 2001 8 25 21 48 01.7000 137645.
2724 2001 8 25 21 48 01.9000 137314.
2725 2001 8 25 21 48 02.1000 137570.
2726 2001 8 25 21 48 02.3000 137410.
2727 2001 8 25 21 48 02.5000 137601.
2728 2001 8 25 21 48 02.7000 137534.
2729 2001 8 25 2148 02.9000 137281.
2730 2001 8 25 2148 03.1000 137485.
2731 2001 825214803.3000 137615.
2732 2001 8 25 21 48 03.5000 137735.
2733 2001 8 25 21 48 03.7000 137587.
2734 2001 8 25 21 48 03.9000 137664.
2735 2001 8 25 21 48 04.1000 137567.
2736 2001 8 25 21 48 04.3000 137322.
2737 2001 8 25 21 48 04.5000 137699.
2738 2001 8 25 21 48 04.7000 137574.
2739 2001 8 25 21 48 04.9000 137768.
2740 2001 82521 4805.1000 137828.
2741 2001 8 25 21 48 05.3000 137372.
2742 2001 8 25 21 48 05.5000 137680.
2743 2001 8 25 21 48 05.7000 137626.
2744 2001 8 25 21 48 05.9000 137459.
2745 2001 8 25 21 48 06.1000 137462.
2746 2001 8 25 21 48 06.3000 137550.
2747 2001 8 25 21 48 06.5000 137639.
2748 2001 8 25 21 48 06.7000 137539.
2749 2001 8 25 21 48 06.9000 137404.
2750 2001 8 25 21 48 07.1000 137508.
2751 2001 8 25 21 48 07.3000 137459.
2752 2001 8 25 21 48 07.5000 137525.
2753 2001 8 25 21 48 07.7000 137563.
2754 2001 8 25 21 48 07.9000 137496.
2755 2001 8 25 21 48 08.1000 137481.
2756 2001 8 25 21 48 08.3000 137490.
2757 2001 8 25 21 48 08.5000 137550.
2758 2001 8 25 21 48 08.7000 137465.
2759 2001 8 25 21 48 08.9000 137547.
2760 2001 8 25 21 48 09.1000 137507.
2761 2001 8 25 21 48 09.3000 137508.
2762 2001 8 25 21 48 09.5000 137589.
2763 2001 8 25 21 48 09.7000 137526.
2764 2001 8 25 21 48 09.9000 137501.
2765 2001 8 25 2148 10.1000 137549.
2766 2001 8 25 21 48 10.3000 137632.
2767 2001 8 25 21 48 10.5000 137608.
2768 2001 8 25 21 48 10.7000 137708.
2769 2001 8 25 21 48 10.9000 137345.
2770 2001 8 25 2148 11.1000 137751.
2771 2001 82521 48 11.3000 137709.
2772 2001 8 25 21 48 11.5000 137474.
2773 2001 82521 48 11.7000 137631.
2774 2001 8 25 21 48 11.9000 137559.
2775 2001 8 25 2148 12.1000 137683.
2776 2001 8 25 21 48 12.3000 137372.
2777 2001 8 25 21 48 12.5000 137589.
2778 2001 8 25 21 48 12.7000 137667.
2779 2001 8 25 21 48 12.9000 137368.
2780 2001 8 25 21 48 13.1000 137507.
2781 2001 82521 48 13.3000 137603.
2782 2001 8 25 21 48 13.5000 137415.
2783 2001 82521 48 13.7000 137513.
2784 2001 8 25 21 48 13.9000 137503.
2785 2001 82521 48 14.1000 137348.
2786 2001 8 25 21 48 14.3000 137925.
2787 2001 8 25 21 48 14.5000 137463.
2788 2001 8 25 21 48 14.7000 137637.
2789 2001 8 25 21 48 14.9000 137708.
2790 2001 82521 48 15.1000 137579.
2791 2001 8 25 21 48 15.3000 137707.
2792 2001 8252148 15.5000 137411.
2793 2001 8 25 21 48 15.7000 137733.
2794 2001 8 25 21 48 15.9000 137504.
2795 2001 8252148 16.1000 137532.
2796 2001 8 25 21 48 16.3000 137643.
2797 2001 8 2521 48 16.5000 137902.
2798 2001 8 25 21 48 16.7000 137503.
2799 2001 8 25 21 48 16.9000 137629.
2800 2001 82521 48 17.1000 137957.
2801 2001 8252148 17.3000 137691.
2802 2001 82521 48 17.5000 137411.
Page 133 of 136
2803 2001 82521 48 17.7000 137456.
2804 2001 8252148 17.9000 137715.
2805 2001 82521 48 18.1000 137587.
2806 2001 8 25 21 48 18.3000 137752.
2807 2001 82521 48 18.5000 137694.
2808 2001 8 25 21 48 18.7000 137462.
2809 2001 8 25 21 48 18.9000 137615.
2810 2001 82521 48 19.1000 137573.
2811 2001 8 25 21 48 19.3000 137551.
2812 2001 8 25 21 48 19.5000 137686.
2813 2001 82521 48 19.7000 137326.
2814 2001 8 25 21 48 19.9000 137409.
2815 2001 8 25 2148 20.1000 137563.
2816 2001 8 25 21 48 20.3000 137445.
2817 2001 8 25 2148 20.5000 137611.
2818 2001 8 25 21 48 20.7000 137481.
2819 2001 8 25 2148 20.9000 137659.
2820 2001 8 25 21 48 21.1000 137326.
2821 2001 8 25 2148 21.3000 137545.
2822 2001 8 25 2148 21.5000 137595.
2823 2001 8 25 21 48 21.7000 137535.
2824 2001 8 25 2148 21.9000 137723.
2825 2001 8 25 2148 22.1000 137519.
2826 2001 8 25 2148 22.3000 137530.
2827 2001 8 25 21 48 22.5000 137319.
2828 2001 8 25 21 48 22.7000 137533.
2829 2001 8 25 21 48 22.9000 137778.
2830 2001 8 25 21 48 23.1000 137586.
2831 2001 8 25 21 48 23.3000 137768.
2832 2001 8 25 21 48 23.5000 137733.
2833 2001 8 25 21 48 23.7000 137510.
2834 2001 8 25 21 48 23.9000 137749.
2835 2001 82521 4824.1000 137553.
2836 2001 8 25 2148 24.3000 137649.
2837 2001 8 25 21 48 24.5000 137393.
2838 2001 8 25 21 48 24.7000 137450.
2839 2001 8 25 2148 24.9000 137574.
2840 2001 8 25 21 48 25.1000 137799.
2841 2001 8 25 21 48 25.3000 137689.
2842 2001 8 25 21 48 25.5000 137540.
2843 2001 8 25 21 48 25.7000 137475.
2844 2001 8 25 21 48 25.9000 137294.
2845 2001 8 25 2148 26.1000 137503.
2846 2001 8 25 2148 26.3000 137441.
2847 2001 8 25 2148 26.5000 137471.
2848 2001 8 25 21 48 26.7000 137789.
2849 2001 8 25 2148 26.9000 137367.
2850 2001 8 25 2148 27.1000 137331.
2851 2001 8 25 2148 27.3000 137615.
2852 2001 8 25 21 48 27.5000 137643.
2853 2001 8 25 21 48 27.7000 137579.
2854 2001 8 25 21 48 27.9000 137549.
2855 2001 8 25 21 48 28.1000 137581.
2856 2001 8 25 21 48 28.3000 137761.
2857 2001 8 25 21 48 28.5000 137702.
2858 2001 8 25 21 48 28.7000 137439.
2859 2001 8 25 21 48 28.9000 137527.
2860 2001 8 25 21 48 29.1000 137579.
2861 2001 8 25 21 48 29.3000 137397.
2862 2001 8 25 21 48 29.5000 137713.
2863 2001 8 25 21 48 29.7000 137608.
2864 2001 8 25 21 48 29.9000 137964.
2865 2001 825214830.1000 137835.
2866 2001 8 25 21 48 30.3000 137474.
2867 2001 8 25 21 48 30.5000 137683.
2868 2001 8 25 21 48 30.7000 137335.
2869 2001 8 25 21 48 30.9000 137566.
2870 2001 8 25 21 48 31.1000 137569.
2871 2001 8 25 21 48 31.3000 137893.
2872 2001 8 25 21 48 31.5000 137547.
2873 2001 8 25 21 48 31.7000 137470.
2874 2001 8 25 21 48 31.9000 137478.
2875 2001 8 25 21 48 32.1000 137492.
2876 2001 8 25 21 48 32.3000 137702.
2877 2001 8 25 21 48 32.5000 137611.
2878 2001 8 25 21 48 32.7000 137328.
2879 2001 8 25 21 48 32.9000 137534.
2880 2001 8 25 21 48 33.1000 137584.
2881 2001 8 25 21 48 33.3000 137471.
2882 2001 8 25 21 48 33.5000 137809.
2883 2001 8 25 21 48 33.7000 137538.
2884 2001 8 25 21 48 33.9000 137765.
2885 2001 8 25 21 48 34.1000 137296.
2886 2001 8 25 21 48 34.3000 137584.
2887 2001 8 25 21 48 34.5000 137363.
2888 2001 8 25 21 48 34.7000 137568.
2889 2001 8 25 21 48 34.9000 137856.
2890 2001 8 25 21 48 35.1000 137684.
2891 2001 8 25 21 48 35.3000 137695.
2892 2001 8 25 21 48 35.5000 137582.
2893 2001 8 25 21 48 35.7000 137645.
2894 2001 8 25 21 48 35.9000 137890.
2895 2001 8 25 21 48 36.1000 137571.
2896 2001 8 25 21 48 36.3000 137549.
2897 2001 8 25 21 48 36.5000 137687.
2898 2001 8 25 21 48 36.7000 137628.
2899 2001 8 25 21 48 36.9000 137723.
2900 2001 8 25 21 48 37.1000 137693.
2901 2001 8 25 21 48 37.3000 137537.
2902 2001 8 25 21 48 37.5000 137826.
2903 2001 8 25 21 48 37.7000 137660.
2904 2001 8 25 21 48 37.9000 137721.
2905 2001 8 25 21 48 38.1000 137622.
2906 2001 8 25 21 48 38.3000 137516.
2907 2001 8 25 21 48 38.5000 137463.
2908 2001 8 25 21 48 38.7000 137586.
2909 2001 8 25 21 48 38.9000 137694.
2910 2001 8 25 21 48 39.1000 137585.
2911 2001 8 25 21 48 39.3000 137542.
2912 2001 8 25 21 48 39.5000 137417.
2913 2001 8 25 21 48 39.7000 137749.
2914 2001 8 25 21 48 39.9000 137700.
2915 2001 8 25 21 48 40.1000 137768.
2916 2001 8 25 21 48 40.3000 137819.
2917 2001 8 25 21 48 40.5000 137773.
2918 2001 8 25 21 48 40.7000 137384.
2919 2001 8 25 21 48 40.9000 137654.
2920 2001 8 25 21 48 41.1000 137641.
2921 2001 8 25 21 48 41.3000 137529.
2922 2001 8 25 21 48 41.5000 137211.
2923 2001 8 25 21 48 41.7000 137477.
2924 2001 8 25 21 48 41.9000 137603.
2925 2001 8 25 21 48 42.1000 137612.
2926 2001 8 25 21 48 42.3000 137615.
2927 2001 8 25 21 48 42.5000 137764.
2928 2001 8 25 21 48 42.7000 137548.
2929 2001 8 25 21 48 42.9000 137409.
2930 2001 82521 4843.1000 137680.
2931 2001 8 25 21 48 43.3000 137647.
2932 2001 8 25 21 48 43.5000 137565.
2933 2001 8 25 21 48 43.7000 137382.
2934 2001 8 25 21 48 43.9000 137477.
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2935 2001 8 25 2148 44.1000 137622.
2936 2001 8 25 21 48 44.3000 137667.
2937 2001 8 25 21 48 44.5000 137487.
2938 2001 8 25 21 48 44.7000 137651.
2939 2001 8 25 21 48 44.9000 137877.
2940 2001 8 25 21 48 45.1000 137606.
2941 2001 8 25 21 48 45.3000 137643.
2942 2001 8 25 21 48 45.5000 137621.
2943 2001 825 21 4845.7000 137532.
2944 2001 8 25 21 48 45.9000 137586.
2945 2001 82521 4846.1000 137564.
2946 2001 8 25 21 48 46.3000 137661.
2947 2001 8 25 21 48 46.5000 137371.
2948 2001 8 25 21 48 46.7000 137588.
2949 2001 8 25 2148 46.9000 137376.
2950 2001 82521 4847.1000 137536.
2951 2001 82521 4847.3000 137310.
2952 2001 8 25 21 48 47.5000 137671.
2953 2001 8 25 21 48 47.7000 137658.
2954 2001 8 25 21 48 47.9000 137704.
2955 2001 8 25 21 48 48.1000 137483.
2956 2001 8 25 21 48 48.3000 137757.
2957 2001 8 25 21 48 48.5000 137638.
2958 2001 8 25 21 48 48.7000 137501.
2959 2001 8 25 21 48 48.9000 137834.
2960 2001 825214849.1000 137530.
2961 2001 8 25 21 4849.3000 137699.
2962 2001 8 25 21 48 49.5000 137779.
2963 2001 8 25 21 48 49.7000 137383.
2964 2001 8 25 21 48 49.9000 137599.
2965 2001 8252148 50.1000 137464.
2966 2001 8 25 21 48 50.3000 137651.
2967 2001 8 25 21 48 50.5000 137277.
2968 2001 8 25 21 48 50.7000 137573.
2969 2001 8 25 21 48 50.9000 137353.
2970 2001 82521 4851.1000 137674.
2971 2001 8 25 2148 51.3000 137643.
2972 2001 8 25 21 48 51.5000 137562.
2973 2001 8 25 2148 51.7000 137845.
2974 2001 8 25 21 48 51.9000 137561.
2975 2001 8 25 21 48 52.1000 137720.
2976 2001 8 25 21 48 52.3000 137745.
2977 2001 8 25 21 48 52.5000 137482.
2978 2001 8 25 21 48 52.7000 137447.
2979 2001 8 25 2148 52.9000 137409.
2980 2001 8 25 2148 53.1000 137421.
2981 2001 8 25 2148 53.3000 137663.
2982 2001 8 25 21 48 53.5000 137478.
2983 2001 8 25 21 48 53.7000 137440.
2984 2001 8 25 21 48 53.9000 137522.
2985 2001 8 25 21 48 54.1000 137539.
2986 2001 8 25 21 48 54.3000 137465.
2987 2001 8 25 21 48 54.5000 137717.
2988 2001 8 25 21 48 54.7000 137496.
2989 2001 8 25 21 48 54.9000 137452.
2990 2001 8 25 21 48 55.1000 137420.
2991 2001 8 25 21 48 55.3000 137708.
2992 2001 8 25 21 48 55.5000 137420.
2993 2001 8 25 21 48 55.7000 137648.
2994 2001 8 25 21 48 55.9000 137582.
2995 2001 8 25 21 48 56.1000 137418.
2996 2001 8 25 21 48 56.3000 137635.
2997 2001 8 25 21 48 56.5000 137368.
2998 2001 8 25 21 48 56.7000 137587.
2999 2001 8 25 21 48 56.9000 137695.
3000 2001 8 25 21 48 57.1000 137442.
3001 2001 8 25 21 48 57.3000 137274.
3002 2001 8 25 21 48 57.5000 137713.
3003 2001 8 25 21 48 57.7000 137770.
3004 2001 8 25 2148 57.9000 137463.
3005 2001 8 25 21 48 58.1000 137578.
3006 2001 8 25 21 48 58.3000 137565.
3007 2001 8 25 21 48 58.5000 137267.
3008 2001 8 25 21 48 58.7000 137622.
3009 2001 8 25 2148 58.9000 137447.
3010 2001 8 25 2148 59.1000 137552.
3011 2001 8 25 2148 59.3000 137432.
3012 2001 8 25 21 48 59.5000 137856.
3013 2001 8 25 2148 59.7000 137744.
3014 2001 8 25 21 48 59.9000 137499.
3015 2001 8 25 21 49 00.1000 137519.
3016 2001 8 25 21 49 00.3000 137606.
3017 2001 8 25 21 49 00.5000 137604.
3018 2001 8 25 21 49 00.7000 137603.
3019 2001 8 25 21 49 00.9000 137421.
3020 2001 8 25 21 49 01.1000 137575.
3021 2001 8 25 21 49 01.3000 137796.
3022 2001 8 25 21 49 01.5000 137577.
3023 2001 8 25 21 49 01.7000 137758.
3024 2001 8 25 2149 01.9000 137459.
3025 2001 8 25 21 49 02.1000 137399.
3026 2001 8 25 21 49 02.3000 137538.
3027 2001 8 25 21 49 02.5000 137464.
3028 2001 8 25 21 49 02.7000 137481.
3029 2001 8 25 21 49 02.9000 137634.
3030 2001 8 25 21 49 03.1000 137705.
3031 2001 8 25 2149.03.3000 137789.
3032 2001 8 25 21 49 03.5000 137718.
3033 2001 8 25 21 49 03.7000 137585.
3034 2001 8 25 21 49 03.9000 137503.
3035 2001 8 25 21 49 04.1000 137424.
3036 2001 8 25 2149 04.3000 137353.
3037 2001 8 25 2149 04.5000 137698.
3038 2001 8 25 21 49 04.7000 137638.
3039 2001 8 25 21 49 04.9000 137789.
3040 2001 8 25 21 49 05.1000 137542.
3041 2001 8 25 21 49 05.3000 137452.
3042 2001 8 25 21 49 05.5000 137658.
3043 2001 8 25 21 49 05.7000 137560.
3044 2001 8 25 21 49 05.9000 137622.
3045 2001 8 25 21 49 06.1000 137677.
3046 2001 8 25 21 49 06.3000 137507.
3047 2001 8 25 21 49 06.5000 137375.
3048 2001 8 25 21 49 06.7000 137610.
3049 2001 8 25 21 49 06.9000 137522.
3050 2001 8 25 21 49 07.1000 137809.
3051 2001 8 25 21 49 07.3000 137708.
3052 2001 8 25 21 49 07.5000 137458.
3053 2001 8 25 21 49 07.7000 137596.
3054 2001 8 25 21 49 07.9000 137525.
3055 2001 8 25 21 49 08.1000 137385.
3056 2001 8 25 21 49 08.3000 137598.
3057 2001 8 25 21 49 08.5000 137724.
3058 2001 8 25 21 49 08.7000 137404.
3059 2001 8 25 21 49 08.9000 137572.
3060 2001 8 25 21 49 09.1000 137687.
3061 2001 8 25 21 49 09.3000 137611.
3062 2001 8 25 21 49 09.5000 137495.
3063 2001 8 25 21 49 09.7000 137521.
3064 2001 8 25 21 49 09.9000 137591.
3065 2001 8 25 21 49 10.1000 137666.
3066 2001 8 25 21 49 10.3000 137393.
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3067 2001 8 25 21 49 10.5000 137628.
3068 2001 8 25 21 49 10.7000 137353.
3069 2001 8 25 21 49 10.9000 137400.
3070 2001 8 25 21 49 11.1000 137693.
3071 2001 8 25 21 49 11.3000 137443.
3072 2001 8 25 21 49 11.5000 137449.
3073 2001 8 25 21 49 11.7000 137729.
3074 2001 8 25 21 49 11.9000 137387.
3075 2001 8 25 21 49 12.1000 137473.
3076 2001 8 25 21 49 12.3000 137641.
3077 2001 8 25 21 49 12.5000 137728.
3078 2001 8 25 21 49 12.7000 137531.
3079 2001 8 25 21 49 12.9000 137372.
3080 2001 8 25 21 49 13.1000 137353.
3081 2001 8 25 21 49 13.3000 137466.
3082 2001 8 25 21 49 13.5000 137291.
3083 2001 8 25 21 49 13.7000 137451.
3084 2001 8 25 21 49 13.9000 137512.
3085 2001 8 25 21 49 14.1000 137336.
3086 2001 8 25 21 49 14.3000 137377.
3087 2001 8 25 21 49 14.5000 137537.
3088 2001 8 25 21 49 14.7000 137429.
3089 2001 8 25 21 49 14.9000 137385.
3090 2001 8 25 21 49 15.1000 137402.
3091 2001 8 25 21 49 15.3000 137691.
3092 2001 8 25 21 49 15.5000 137266.
3093 2001 8 25 21 49 15.7000 137593.
3094 2001 8 25 21 49 15.9000 137608.
3095 2001 8 25 21 49 16.1000 137542.
3096 2001 8 25 21 49 16.3000 137627.
3097 2001 8 25 21 49 16.5000 137423.
3098 2001 8 25 21 49 16.7000 137509.
3099 2001 8 25 21 49 16.9000 137578.
3100 2001 8 25 21 49 17.1000 137265.
3101 2001 8 25 21 49 17.3000 137499.
3102 2001 8 25 21 49 17.5000 137851.
3103 2001 8 25 21 49 17.7000 137591.
3104 2001 8 25 21 49 17.9000 137668.
3105 2001 8 25 21 49 18.1000 137504.
3106 2001 8 25 21 49 18.3000 137611.
3107 2001 8 25 21 49 18.5000 137598.
3108 2001 8 25 21 49 18.7000 137497.
3109 2001 8 25 21 49 18.9000 137616.
3110 2001 8 25 2149 19.1000 137778.
3111 2001 8 25 21 49 19.3000 137626.
3112 2001 8 25 21 49 19.5000 137541.
3113 2001 8 25 21 49 19.7000 137372.
3114 2001 8 25 21 49 19.9000 137493.
3115 2001 8 25 21 49 20.1000 137717.
3116 2001 8 25 21 49 20.3000 137809.
3117 2001 8 25 21 49 20.5000 137907.
3118 2001 8 25 21 49 20.7000 137623.
3119 2001 8 25 2149 20.9000 137872.
3120 2001 8 25 21 49 21.1000 137602.
3121 2001 8 25 21 49 21.3000 137679.
3122 2001 8 25 21 49 21.5000 137614.
3123 2001 8 25 21 49 21.7000 137432.
3124 2001 8 25 21 49 21.9000 137536.
3125 2001 8 25 21 49 22.1000 137599.
3126 2001 8 25 21 49 22.3000 137557.
3127 2001 8 25 21 49 22.5000 137674.
3128 2001 8 25 21 49 22.7000 137369.
3129 2001 8 25 21 49 22.9000 137529.
3130 2001 8 25 21 49 23.1000 137694.
3131 2001 8 25 21 49 23.3000 137509.
3132 2001 8 25 21 49 23.5000 137719.
3133 2001 8 25 21 49 23.7000 137661.
3134 2001 8 25 21 49 23.9000 137570.
3135 2001 8 25 21 49 24.1000 137353.
3136 2001 8 25 21 49 24.3000 137515.
3137 2001 8 25 21 49 24.5000 137756.
3138 2001 8 25 21 49 24.7000 137652.
3139 2001 8 25 21 49 24.9000 137682.
3140 2001 8 25 21 49 25.1000 137827.
3141 2001 8 25 21 49 25.3000 137548.
3142 2001 8 25 21 49 25.5000 137361.
3143 2001 8 25 21 49 25.7000 137510.
3144 2001 8 25 21 49 25.9000 137349.
3145 2001 8 25 21 49 26.1000 137656.
3146 2001 8 25 21 49 26.3000 137477.
3147 2001 8 25 21 49 26.5000 137811.
3148 2001 8 25 21 49 26.7000 137832.
3149 2001 8 25 21 49 26.9000 137605.
3150 2001 8 25 21 49 27.1000 137371.
3151 2001 8 25 21 49 27.3000 137631.
3152 2001 8 25 21 49 27.5000 137655.
3153 2001 8 25 21 49 27.7000 137692.
3154 2001 8 25 21 49 27.9000 137673.
3155 2001 8 25 21 49 28.1000 137468.
3156 2001 8 25 21 49 28.3000 137601.
3157 2001 8 25 21 49 28.5000 137313.
3158 2001 8 25 21 49 28.7000 137438.
3159 2001 8 25 21 49 28.9000 137808.
3160 2001 8 25 21 49 29.1000 137714.
3161 2001 8 25 21 49 29.3000 137566.
3162 2001 8 25 21 49 29.5000 137624.
3163 2001 8 25 21 49 29.7000 137598.
3164 2001 8 25 21 49 29.9000 137787.
3165 2001 8 25 21 49 30.1000 137604.
3166 2001 8 25 21 49 30.3000 137600.
3167 2001 8 25 21 49 30.5000 137656.
3168 2001 8 25 21 49 30.7000 137570.
3169 2001 8 25 21 49 30.9000 137694.
3170 2001 8 25 2149 31.1000 137497.
3171 2001 8 25 21 49 31.3000 137545.
3172 2001 8 25 21 49 31.5000 137339.
3173 2001 8 25 21 49 31.7000 137550.
3174 2001 8 25 21 49 31.9000 137456.
3175 2001 8 25 21 49 32.1000 137703.
3176 2001 8 25 21 49 32.3000 137753.
3177 2001 8 25 21 49 32.5000 137685.
3178 2001 8 25 21 49 32.7000 137349.
3179 2001 8 25 21 49 32.9000 137657.
3180 2001 8 25 21 49 33.1000 137408.
3181 2001 8 25 2149 33.3000 137514.
3182 2001 8 25 21 49 33.5000 137509.
3183 2001 8 25 21 49 33.7000 137562.
3184 2001 8 25 21 49 33.9000 137750.
3185 2001 8 25 21 49 34.1000 137581.
3186 2001 8 25 21 49 34.3000 137422.
3187 2001 8 25 21 49 34.5000 137824.
3188 2001 8 25 21 49 34.7000 137593.
3189 2001 8 25 21 49 34.9000 137363.
3190 2001 8 25 21 49 35.1000 137590.
3191 2001 8 25 21 49 35.3000 137747.
3192 2001 8 25 21 49 35.5000 137258.
3193 2001 8 25 21 49 35.7000 137549.
3194 2001 8 25 21 49 35.9000 137425.
3195 2001 8 25 21 49 36.1000 137278.
3196 2001 8 25 21 49 36.3000 137536.
3197 2001 8 25 2149 36.5000 137645.
3198 2001 8 25 21 49 36.7000 137648.
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3199 2001 8 25 21 49 36.9000 137497.
3200 2001 8 25 21 49 37.1000 137418.
3201 2001 8 25 21 49 37.3000 137827.
3202 2001 8 25 21 49 37.5000 137530.
3203 2001 8 25 21 49 37.7000 137400.
3204 2001 8 25 21 49 37.9000 137290.
3205 2001 8 25 21 49 38.1000 137696.
3206 2001 8 25 21 49 38.3000 137478.
3207 2001 8 25 21 49 38.5000 137757.
3208 2001 8 25 21 49 38.7000 137420.
3209 2001 8 25 21 49 38.9000 137810.
3210 2001 8 25 21 49 39.1000 137788.
3211 2001 8 25 21 49 39.3000 137545.
3212 2001 8 25 21 49 39.5000 137715.
3213 2001 8 25 21 49 39.7000 137690.
3214 2001 8 25 21 49 39.9000 137721.
3215 2001 8 25 21 49 40.1000 137696.
3216 2001 8 25 21 49 40.3000 137518.
3217 2001 8 25 21 49 40.5000 137599.
3218 2001 8 25 21 49 40.7000 137676.
3219 2001 8 25 21 49 40.9000 137431.
3220 2001 8 25 21 49 41.1000 137518.
3221 2001 8 25 21 49 41.3000 137665.
3222 2001 8 25 21 49 41.5000 137737.
3223 2001 8 25 21 49 41.7000 137793.
3224 2001 8 25 21 49 41.9000 137833.
3225 2001 8 25 21 49 42.1000 137393.
3226 2001 8 25 21 49 42.3000 137532.
3227 2001 8 25 21 49 42.5000 137716.
3228 2001 8 25 21 49 42.7000 137354.
3229 2001 8 25 21 49 42.9000 137519.
3230 2001 8 25 21 49 43.1000 137575.
3231 2001 8 25 21 49 43.3000 137454.
3232 2001 8 25 21 49 43.5000 137594.
3233 2001 8 25 21 49 43.7000 137507.
3234 2001 8 25 21 49 43.9000 137595.
3235 2001 8 25 21 49 44.1000 137570.
3236 2001 8 25 21 49 44.3000 137597.
3237 2001 8 25 21 49 44.5000 137480.
3238 2001 8 25 21 49 44.7000 137491.
3239 2001 8 25 21 49 44.9000 137559.
3240 2001 8 25 21 49 45.1000 137463.
3241 2001 8 25 21 49 45.3000 137554.
3242 2001 8 25 21 49 45.5000 137563.
3243 2001 8 25 21 49 45.7000 137711.
3244 2001 8 25 21 49 45.9000 137533.
3245 2001 8 25 21 49 46.1000 137524.
3246 2001 8 25 21 49 46.3000 137490.
3247 2001 8 25 21 49 46.5000 137566.
3248 2001 8 25 21 49 46.7000 137745.
3249 2001 8 25 21 49 46.9000 137822.
3250 2001 8 25 21 49 47.1000 137466.
